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1.  Formulation  of  the  model 

This  contribution  describes  the  steady  state,  1- 
dimensional  structure  of  a  plasma  immersed  in  a  uni¬ 
form  magnetic  field  and  interacting  with  an  absorb¬ 
ing  wall  biased  to  a  non-zero  potential  relative  to 
the  undisturbed  plasma.  Far  from  the  wall  it  is  as¬ 
sumed  that  some  weak  cpllisional  process  accelerates 
the  plasma.  This  allows  us  not  to  include  geometri¬ 
cal  effects  that  would  lead  to  3-D  models  inevitably. 
Related  works  [1-3]  will  be  discussed. 

The  wall  is  biased  to  a  potential  Uw  relative  to 
the  potential  of  the  plasma  at  a  certain  reference 
point  far  from  the  wall  but  still  in  the  1-D  region, 
and  the  plasma  is  magnetized  by  and  external,  uni¬ 
form  magnetic  field,  B  =  Bo(lx  cos  V'  + Esin t/j).  The 
self-consistent  electric  field,  E  =  —l^dU/dx  is  part 
of  the  solution.  The  spatial  structure  of  the  plasma 
consists,  basically,  of  an  external  quasineutral  region 
or  presheath  and  a  space-charge  sheath  attached  to 
the  wall.  The  plasma  dynamics  are  described  by  a 
set  of  macroscopic  equations;  it  can  be  shown  that 
there  exists  a  conservation  law  related  to  the  total 
momentum  along  B  (and  a  second  one  in  the  colli¬ 
sionless  regions).  Some  boundary  conditions  far  from 
the  wall  cannot  be  properly  fixed  without  matching 
the  1-D  region  with  a  most  external  3-D  region  that 
would  include  the  global  geometry  of  the  wall,  but 
fortunatelj^,  the  asymptotic  behavior  of  the  plasma 
in  the  1-D  region  can  be  known  just  by  assuming 
that  the  velocity  of  the  attracted  species,  V,  goes  to 
0  at  a;  — >•  — oo. 

Three  length  scales  appear  in  the  plasma  response: 
the  collision  mean  free  path,  Ac,  the  magnetic  gyro- 
radius,  Xjn,  and  the  Debye  length,  A^.  Here,  only 
weakly  collisional  plasmas,  A^  C  Ac,  are  consid¬ 
ered,  but  we  let  Am  oc  I/Bq  to  take  any  value.  The 
non-dimensional  plasma  response  depends  on  five  pa¬ 
rameters:  A.Q1JI  =  Ac/Am,  ^dm  “  ~ 

\qUw\IT,  and  T /Tr]  T  and  Tr  are  the  temperatures 
of  the  attracted  and  repelled  species,  respectively. 

i)  Acm  and  A^,,,  (with  Acm  »  ^dm),  both  pro¬ 
portional  to  Bq,  measure  the  strength  of  the  B-field 
relative  to  the  E-field  in  the  quasineutral  and  non¬ 
neutral  regions,  respectively;  therefore,  these  ratios 
indicate  whether  the  plasma  motion  in  the  incidence 
plane,  Oxz,  tends  to  be  along  the  B-  or  the  E-lines. 

ii)  As  the  incidence  angle,  tp,  increases,  the  E  and 


B  directions  diverge  and  the  competition  between 
both  fields  to  govern  the  direction  of  the  plasma  mo¬ 
tion,  is  more  dramatic;  the  ExB  drift  (along  Oy) 
increases  with  ip,  also. 

iii)  The  wall  potential,  cpw  =  \qUw\/T-,  appears 
in  the  equations  as  a  boundary  condition  only;  con¬ 
sequently,  the  structure  of  the  external  region  is  in¬ 
dependent  of  (pw,  and  the  solution  to  the  plasma 
equations  is  universal  for  any  cpw- 

iv)  The  temperature  ratio,  T fTj.,  affects  the  pres¬ 
ence  of  repelled  particles  in  the  sheath,  and  the  plasma 
velocity  at  the  entrance  of  the  sheath  (that  is  related 
to  the  plasma  sound  velocity,  Cg). 

2.  Structure  of  the  plasma  region 

Sketches  of  the  plasma  structure  for  different  ran¬ 
ges  of  magnetic  field  strength  and  wall  potential  are 
drawn  in  Figures  1  and  2.  The  transition  between 
two  regions  is  defined  by  particular  sonic  conditions 
on  the  plasma  motion.  Except  in  one  case,  the  equa¬ 
tions  correspoding  to  each  case  and  each  region  can 
be  integrated  with  simple  and  standard  methods. 

2>1>  Case  A^m  ^  oo,  Edm  ^  b 

In  this  double  limit  the  equations  clearly  define 
three  different  plasma  regions.  It  corresponds  to  an 
intermediate  magnetic  field,  very  strong  compared 
with  the  diffusion  E-field,  and  very  weak  compared 
with  the  space-charge  E-field.  The  plasma  structure 
consists  of 

a)  a  B-aligned  presheath:  it  extends  from  14  =  0 
to  Vx  =  Cs  cos  Ip  (point  C),  where  XcdVx/dx  oo; 
due  to  the  strong  B-field,  the  plasma  motion  is  along 
the  B-lines  and  there  is  not  ExB  drift; 

b)  a  Chodura  layer[2],  collisionless  and  quasi¬ 
neutral:  it  extends  from  point  C  to  14  =  Cs  (point 
S),  where  XmdVx/dx  — >•  oo;  its  typical  thickness  is  Am 
here  the  stronger  E-field  is  able  to  drift  the  plasma 
towards  its  direction  and  to  produce  an  ExB  drift. 

c)  a  space-charge  (Debye)  sheath:  it  extends  form 
point  S  till  the  wall;  its  typical  thickness  is  Xd  mag¬ 
netic  effects  are  negligible  in  it,  the  plasma  motion 
is  dominated  by  the  strong  E-field. 

Notice  that  the  Chodura  layer  is  a  transition  re¬ 
gion  to  accommodate  the  external  and  near-to-the- 
wall  plasma  motions,  chanelled  by  B  and  E,  respec¬ 
tively.  This  explains  that  there  is  no  Chodura  layer 
at  normal  incidence,  i/)  =  0,  when  points  C  and  S 
coincide. 
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2.2  Case  Kcm  =  0(1) 

For  weaker  magnetic  fields,  when  the  limit  Kcm  — t 
0  is  not  a  good  approximation,  the  plasma  structure 
consists  of  a  presheath,  that  extends  now  until  point 
S,  and  the  Debye  sheath.  Point  C  is  no  more  a  sin¬ 
gular  point  of  the  equations,  and  the  Chodura  layer 
disappears  as  a  well-distinguished  region.  However, 
while  Kmc  <  0(1),  the  characteristics  of  the  plasma 
motion  do  not  change  very  much.  The  ratio  14/14 
increases  with  both  and  i/),  but  the  ExB  drift  is 
maximum  for  A^c  ~  1-  The  presheath  typical  thick¬ 
ness  is  \c{Kmc  +  COS^V')/(Amc  +  !)•  For  Kmc  »  1, 
magnetic  effects  are  negligible,  of  course,  and  the 
whole  plasma  field  is  along  the  E-lines. 

For  the  particular  case  of  grazing  incidence, »/»  ~ 
7r/2,  the  ExB  drift  is  the  main  component  of  the 
plasma  motion  when  Kcm  ^  F  ^y/^x  ~  Kcm-  A 
consequence  is  that  the  limit  Kmc  =  oo  does  not 
make  sense:  there  is  not  B-aligned  presheath  and 
there  is  no  solution  of  the  Chodura  layer  equations. 

2.3  Case  K^m  =  0(1) 

Here,  point  S  is  no  longer  a  singular  point,  so 
the  Chodura  layer  and  the  Debye  sheath  disappear 
as  separate  regions,  and  formed  a  single  magnetized, 
non-neutral  sheath,  that  matches  with  the  presheath 
at  point  C.  The  plasma,  that  comes  into  the  sheath 
aligned  with  B,  is  forced  to  drift  in  the  E-field  di¬ 
rection,  but  this  drift  is  only  significant  while  Kdm  is 
small.  There  is  also  an  ExB  drift,  that  is  maximum 
for  Kdm  ~  1- 

2.4  Case  2>  1 

In  all  the  preceding  cases  we  have  implicitly  as¬ 
sumed  that  =  0(1).  When  (j)w  3>  1,  the  struc¬ 
ture  of  the  space-charge  sheath  can  be  further  ex¬ 
plored.  Except  for  a  thin  supersonic  layer,  where 
0  ~  1,  thermal  effects  can  be  disregarded  in  the 
sheath.  We  have  then  a  hypersonic  (or  cold-plasma) 
sheath,  that  admits  an  analytical  solution,  that  is 
especially  interesting  for  Kdm  ^  1  due  to  the  chang¬ 
ing  features  of  the  plasma  behavior  within  it.  Figure 
2(a). 
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Figure  1.-  Plasma  regions  for  (pw  =  0(1) 
and  (a)  Kdm  -t  0  j  ^cm  ^  0(1);  (b)  Kdm  -t  0, 
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Figure  2.-  Kcm  oo,  cpw  >  Ool- 

lisionless  plasma  regions  for  (a)  Kdm  ^  1: 
Chodura  layer(l);  supersonic(2)  and  hyper- 
sonic(3),  unmagnetized  sheath;  magnetized 
sheath(4);  (b)  Kdm  ~  1:  supersonic(l)  and 
hypersonic(2),  magnetized  sheath. 
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Introduction 


The  determination  of  the  concentrations  and 
transport  coefiicients  are  often  needed  in  plasmas  out 
of  thermal  equilibrium.  In  these  plasmas,  several 
temperatures  can  be  defined:  excitation  (diatomic: 

monoatomic:  T^),  vibrational  ,  rotational 
T^f ,  translational  (electrons  ;  heavy  species 
T^^).  To  determine  the  concentrations  two  methods 

are  widely  used :  one  is  based  on  the  Gibbs  free  energy 
minimisation  [1]  and  the  other  on  the  chemical  kinetic 
[2].  In  this  paper  we  compare  the  results  of 
composition  and  transport  properties  obtained  by  using 
these  two  methods. 


Composition  calculation 


Concerning  temperatures,  the  following 
assumptions  have  been  made: 


rrtQl  rpdiat  rpCtldi 

^ex  ~  ^ex  ^vib 


ex 


trh 


and 


Trot=T^b- 


Therefore  the  plasma  has  two  temperatures  and  the 
parameter  6  characterizes  the  thermal  desequilibium. 
If  temperature  and  pressure  are  kept  constant  during 
irreversible  transformations,  the  equilibrium  is 
reached  when  the  Gibbs  free  energy  is  minimum  ( 
GFEM).  So  with  others  equations  (electrical  neutrality 
and  species  conservation)  the  composition  evolution 
with  the  heavy  species  temperature  can  be  determined 
[1],  Figure  1  shows  the  composition  of  a  pure  nitrogen 
plasma  at  atmospheric  pressure  and  for  a  thermal 
desequilibrium  0  =  1.5.  In  the  case  of  the  pseudo- 
kinetic  method  (PKM)  the  chemical  equilibrium  is 
reached  when  the  following  relationship  is  verified  [2] 

:  In -y  I  =  In  =ln(^r;(r))whereu  ;  are  the 

Vi  7 


stoichiometric  coeflBcients  difference  of  ith  species  for 
1  reaction;  rt.  is  the  concentration  of  species  /;  and 
k’  are  respectively  forward  and  reverse  reaction  rate 
coefiicients  of  chemical  reaction  I  and  KjiT)  is  the 
equilibrimn  constant  of  chemical  reaction  /.  This  latter 
is  calculated  at  thermal  equilibrium.  With  the  above 
relationships,  the  species  concentration  can  be 
determined  in  a  plasma  out  of  thermal  equilibrium. 
Each  rate  coefficient  k‘^  or  k:  was  either  dependent  of 
or  or  of  both  temperatures  [1].  The 


temperature  range  was  chosen  between  1,000  and 
11,000  K  to  accoimt  for  the  presence  of  ionized 
species.  Comparison  of  figures  1  and  3  shows  that 
with  the  PKM  method  dissociation  occurs  at  lower 


Heavy  partde  temperature  (K) 


Fig.  1 :  Gibbs  free  energy  minimisation  (0  =  1.5). 


Fig.  2:  PKM  with  each  rate  coefficients  calculated  at 
one  temperature  T,^g  or  Ttrh  (^  =  l-5)- 


Fig.  3:  Pseudo  kinetic  method  with  rate  coefiicients  at 
two  temperatures  {6  =  1.5). 
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temperature  4,500  K  against  6,500  K  and  ionizations 
of  N  and  N2  are  delayed  to  higher  temperatures.  When 
comparing  both  PKM  curves  dissociation  occurs  at 
lower  temperature  (in  Fig.3)  because  the  reaction  rates 
are  calculated  at  Te  against  Th  for  Fig.2. 

Transport  properties 

The  transport  properties  have  been  then 
computed  using  the  method  of  Sonine’s  polynomial 
expansion  of  the  first  order  Chapman-Enskog 
approximation  of  Boltzmann’s  equation.  Since 
electron  mass  is  by  far  smaller  than  that  of  heavy 
species,  the  heavy-species  Boltzmann  equation  was 
decoupled  from  that  of  the  electrons.  Therefore  the 
electron  and  heavy-species  transport  properties  were 
calculated  independently  following  the  method  of 
Devoto  [3,4]. 

Beside,  for  thermal  conductivity  were 
calculated  the  internal  conductivity  using  the 
method  of  Eucken  [5]  and  the  reactional  conductivity 
by  using  a  method  similar  to  that  of  Butler  and 
Brokaw  but  modified  to  accoimt  for  two  temperatures 
[6].  The  requested  derivatives  of  species  composition 
were  calculated  numerical  derivation  in  case  of 
pseudo  kinetic  method. 

When  looking  at  the  viscosity  p.  (Fig.  4)  as 
ionization  starts  at  lower  temperature  with  the  GFEM 
the  maximuim  of  p  occurs  at  7,000  K  against  10,000- 
1 1,000  K  in  the  other  cases.  The  slight  dtfierences  are 
mainly  due  to  the  delay  in  dissociation  with  PKM  at 
0=1.5.  Fig.5  showing  thermal  conductivity  exhibits  the 
same  tendencies.  Dissociation  peak  at  the  same 
temperature  for  equilibrium,  PKM  corresponding  to 
Fig.2  and  GFEM  at  0=1.5,  ionization  peak  at  lower 
temperature  (10,000  K)  for  GFEM  at  0=1.5  (compared 
to  equilibrimn  and  PKM  calculations.  A  similar 
behavior  is  seen  for  the  electrical  conductivity  (see 
Fig.6)  in  good  correlation  with  ionization  behavior. 

Conclusion 

We  have  calculated  the  composition  of  a 
multi-temperature  nitrogen  plasma  by  a  Gibbs  free 
energy  minimisation  and  kinetie  methods.  Then,  the 
transport  properties  were  obtained.  A  few  difference 
especially  for  dissociation  and  ionization  can  be  seen 
between  the  results  obtained  with  both  methods. 
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Fig.  4;  The  viscosity. 


Fig.  5;  The  thermal  conductivity. 


Fig.  6;  The  electrical  conductivity. 
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1.  Introduction. 

Roussel-Dupre  and  Gurevich  have  developed  a  theory 
of  gigantic  atmospheric  discharges  directed  upward 
from  thundercloud  tops  into  the  Earth’s  stratosphere 
[1].  Formation  of  relativistic  runaway  electron 
avalanche  initiated  by  cosmic-ray  showers  within  the 
space  domain  of  a  thunderstorm  electric  field,  is  the 
heart  of  the  theory.  The  theory  allowed  to  treat  the 
origin  of  wide  columns  of  light  radiance  observed 
repeatedly  above  thunderclouds.  These  light 
phenomena  are  known  as  “blue  jets”  emitted  blue  light 
at  altitudes  below  35  km,  and  “red  sprites”  emitted  red 
light  at  altitudes  above  60  km.  Roussel-Dupre  and 
Gurevich  have  pointed  out  that  geomagnetic  field 
affected  essentially  the  dynamics  of  gas  discharge 
processes  responsible  for  the  light  emission  phenomena 
observed,  especially  at  high  altitudes  above  40  km, 
where  electron  -  neutral  collision  frequency  is  reduced 
to  become  lower  than  local  value  of  the  electron 
cyclotron  frequency  due  to  lower  air  density  [1]. 
However  the  theory  of  the  upward  atmospheric 
discharges  developed  by  now  by  Roussel-Dupre, 
Gurevich,  Tunnel  and  Milikh,  did  not  incorporated 
adequately  the  effect  of  geomagnetic  field  [1,  2].  So 
this  problem  remains  to  be  solved.  Results  of  the  first 
calculations  carried  out  with  the  aim  to  evaluate  the 
effect  of  the  geomagnetic  field  on  the  development  of 
the  relativistic  runaway  electron  avalanche,  are 
delivered  in  the  present  communication. 

2.  Model. 

The  approach  adopted  is  to  simulate  a  trajectory  of  a 
tested  runaway  electron  moving  under  the  joint  action 
of  three  forces;  accelerating  electric  force  -eE, 
decelerating  retarding  force  -F(£)p/p  arising  due  to 
interactions  of  electrons  with  molecules  of  the 
background  air,  and  the  Lorentz  magnetic  force  Fl~ 
e[vxB]  bending  electron  trajectory.  Here  p  and  v  are 
the  vectors  of  electron  momentum  and  velocity,  e  is  the 
elementary  charge,  the  electric  field  intensity  E  is 
directed  against  to  the  direction  of  the  electron  motion 
p.  The  energy  dependence  of  the  absolute  value  of  the 
retarding  force  F(e)  was  calculated  from  the  relativistic 
Bethe  formula  for  electron  energy  losses  per  unit  path 
[3],  available  as  well  at  [2].  Preliminary  Monte  -  Carlo 


calculations  were  carried  out  without  magnetic  field. 
The  code  used  incorporated  as  well  the  elastic 
scattering  of  electrons  by  shielded  coulomb  potential  of 
the  atomic  nucleus.  These  calculations  were  performed 
with  the  aim  to  estimate  the  minimal  (threshold)  energy 
£ih  for  secondary  electrons  to  become  runaways  at  a 
given  electric  field  intensity  and  neutral  particle 
number  density  of  the  air.  It  was  convenient  to 
introduce  the  “overvoltage”  above  the  relativistic 
minimum  of  the  retarding  force  Fmin  which  exists  in 
the  vicinity  of  the  electron  energy  s  «  1  MeV,  as  S  = 
eE/(FminxP) ■  In  the  air  Fmm^P  ^2. 18  keV/cm/atm. 

3.  Calculations  and  results. 

The  results  of  calculations  obtained  for  three  values  of 
the  “overvoltage”  ^are  presented  in  Table  1. 


Table  1 


s 

1.5 

2.0 

3.0 

Sth,  MeV 

1.3 

0.6 

0.2 

This  range  of  S  was  adopted  due  to  exactly  it 
corresponds  to  the  electric  field  intensity  at  high 
altitudes  above  thunderstorm  cloud  arrays  [1].  The 
calculated  values  of  the  threshold  energy  Sih  were  used 
as  initial  energies  of  electrons  in  the  subsequent 
simulations  of  their  trajectories  in  geomagnetic  field. 
Calculations  indicated  that  the  process  of  relativistic 
avalanching  at  high  altitudes  is  governed  by  relation 
between  the  vertical  Bz  and  horizontal  Br  components 
of  the  geomagnetic  field  inductance.  The  characteristic 
values  of  the  ratio  Bz/Br  realized  at  different  latitudes  in 
dense  lower  layers  of  the  Earth’s  atmosphere  where 
thunderstorms  are  raging,  imply  to  consider  two 
important  cases. 

The  low  latitude  equatorial  range  was  the  first  case. 
The  approximate  equality  Bz  ^0  is  valid  there.  In  this 
domain  a  possibility  for  the  avalanche  of  relativistic 
runaway  electrons  to  develop  at  a  given  altitude  h 
depends  on  the  relation  between  local  values  of  electric 
field  intensity  E  and  inductance  of  the  geomagnetic 
field  B.  Either  upward  acceleration  of  electrons  or 
strong  bending  of  their  trajectories  with  subsequent 
deceleration  down  to  thermal  energies  are  possible. 
Approximate  value  of  the  critical  altitude  at  which 
electrons  are  thermalized,  can  be  evaluated  from  the 
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obvious  relation  -  eE/Fi  »  I.  Here  the  local  electric 
force  equals  to  eE  =  SxFmm^exp(h/he)  with  Fmin  " 
2.18  keV/cm  at  the  sea  level  (h  =  0,  P  =  I  atm)  of  the 
Earth  atmosphere  and  a  scaling  value  of  the  altitude  he 
«  7  km.  The  Lorentz  force  for  relativistic  electrons  (v  » 
c)  equals  to  Fi  i^secBf  The  idea  proved  to  be  valid:  rj » 
0.85  -  0.95  were  computed.  In  the  considered  range  of 
“overvoltage”  5  from  7.5  to  i  and  t]  >  1.5  electrons 
appeared  to  travel  upward  along  almost  linear 
trajectories,  with  the  average  value  of  the  cosine  of  the 
angle  d  between  their  velocity  v  and  the  upward 
directed  axis  z  being  calculated  as  large  as  <cos  6>  » 
0.8.  At  T]  <  1  electron  trajectories  stopped  short.  The 
length  of  the  trajectory  was  calculated  to  be  too  small 
for  the  production  of  secondary  electron  with  the 
energy  above  the  threshold  sth.  sufficient  for  it  to 
become  runaway.  As  a  result  multiplication  of  runaway 
electrons  terminated.  The  intermediate  case  1<  tj  <1.5 
can  not  be  described  adequately  in  the  framework  of 
the  approach  adopted  here.  However  it  is  worthy  to 
note  that  the  range  of  the  altitudes  Ah  >>1  2.8  km 
corresponding  to  these  values  of  7],  is  essentially  less 
than  the  values  of  the  altitudes  considered  (^Ah  «  her)-, 
thus  indicating  that  the  relative  accuracy  of  the 
calculated  altitudes  her  to  be  rather  high.  Table  2 
demonstrates  the  values  of  her  calculated  for  Br=35  pT 
and  the  above  values  of  the  “overvoltage”. 


Table  2.  Br=35  pT 


5 

1.5 

2 

3 

her,  km 

24 

26.5 

30 

The  effect  of  elastic  scattering  of  electrons  was  studied. 
Adequate  calculations  showed  that  at  t]  >  1.5  the 
course  of  the  atmospheric  discharge  is  very  much  like 
that  in  the  absence  of  the  magnetic  field.  In  the  case  of 
T]  <  1.5  the  small  -  angle  elastic  scattering,  that 
constimte  the  largest  portion  of  all  scattering  events, 
did  not  change  the  topology  of  the  trajectories.  On  the 
other  hand  estimations  performed  show  very  low 
probability  of  those  large  -  angle  scattering  events  that 
lengthened  electron  trajectories  and  therefore  were  able 
to  increase  the  probability  of  a  secondary  runaway 
electron  production.  The  above  approach  did  not  take 
into  account  that  threshold  energies  of  secondary 
electrons  Sth  were  calculated  without  magnetic  field. 
The  effect  of  the  geomagnetic  field  increases  e/h  and  as 
a  result  decreases  the  probability  of  a  runaway  electron 
to  be  produced.  However  the  above  consideration  and 
results  appeared  to  be  valid  even  for  threshold  energies 
£th  two  times  higher  than  the  values  presented  in  Table 
1.  Naturally  in  those  regions  of  moderate  latitudes 
where  the  vertical  component  of  the  geomagnetic  field 
is  so  small  as  Bz  «Br,  the  runaway  electron  avalanche 
develops  in  the  same  way. 


The  regions  of  moderate  latitudes  (Alaska,  Kanada, 
Russia)  with  pT  and  Br  « 15  pT  was  considered 

as  the  second  case  incorporating  efficiently  both 
components  of  geomagnetic  field.  At  these  latitudes  the 
effect  of  the  geomagnetic  field  on  the  runaway  electron 
avalanche  differs  very  much  from  the  first  case  on 
account  of  the  vertical  component  Bi  is  essentially 
larger  than  horizontal  one  B,.  Calculations  incorporated 
this  field  did  not  reveal  any  its  influence  on  the 
development  of  the  relativistic  runaway  avalanche  in 
the  range  of  the  “overvoltage”  5  considered.  The 
average  value  of  the  cosine  was  calculated  to  be 
<cosd>  >  0.9.  When  the  ratio  Bz/B  decreases  the 
direction  of  the  avalanche  propagation  deflects  from 
the  vertical  line  toward  the  vector  of  the  geomagnetic 
field  inductance  (<cos$>  »  BJB).  The  temp  of  the 
avalanche  development  slows  down.  It  is  reasonable  to 
introduce  the  effective  “overvoltage”  as  4/=  5x(Bz/B). 
A  special  consideration  is  necessary  for  this  case.  It  is 
beyond  the  framework  of  the  present  communication. 

4.  Conclusion. 

The  effect  of  the  geomagnetic  field  on  the  development 
of  the  relativistic  runaway  electron  avalanche  produced 
by  thunderstorm  electric  field,  appeared  to  be  rather 
pronounced. 

(1)  The  upper  altitudes  to  which  the  avalanche  of 
relativistic  runaway  electrons  is  able  to  propagate,  are 
determined  by  the  ratio  of  the  thunderstorm  electric 
field  intensity  to  the  local  inductance  of  the 
geomagnetic  field  E/B.  Roussel  -  Dupre  and  Gurevich 
supposed  that  the  altitude  is  limited  by  the  ratio  of  the 
electron  elastic  collision  frequency  to  their  local 
cyclotron  frequency  [  1  ] . 

(2)  The  limit  values  of  the  altitudes  allowing  the 
propagation  of  relativistic  runaway  electron  avalanche, 
were  evaluated  for  different  Earth’s  latitudes.  The 
results  allowed  to  predict  the  occurrence  of  a  certain 
kind  of  light  phenomena  related  to  the  gigantic 
discharges  directed  upward  from  the  tops  of 
thunderstorm  cloud  arrays. 

(3)  Most  likely  the  “red  sprites”  are  absent  for 
thunderstorms  occurred  nearby  to  the  Earth’s  equator. 
Both  “blue  jets”  and  “red  sprites”  are  produced  by 
thunderstorms  occurred  at  moderate  latitudes.  Either 
types  of  phenomena  can  be  observed  at  these  latitudes. 
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1.  Introduction 

To  treat  gigantic  discharges  directed  upward  from  the 
top  of  thunderclouds,  and  possibly  to  explain  the  onset 
of  the  conventional  contracted  lightning,  Gurevich, 
Roussel  -  Dupre,  Milikh,  and  Tunnel  [1,  2]  have 
proposed  and  substantiated  a  hypothesis  of  relativistic 
runaway  electron  avalanches  able  to  develop  in  a  rather 
weak  (in  comparison  with  the  conventional  laboratory 
self-breakdown  value)  thunderstorm  electric  field.  For 
the  avalanches  to  develop  the  intensity  of  the  electric 
force  eE  should  be  over  the  relativistic  minimum  of 
electron  energy  losses  per  unit  path  Lmm  that  exists  in 
the  vicinity  of  electron  energy  £  »  1  MeV.  To  describe 
the  evolution  of  the  runaway  electron  avalanche  and 
calculate  a  rate  of  a  runaway  electron  number  increase, 
Roussel  -  Dupre  et.  al.  have  solved  Boltzmann  kinetic 
equation  [2].  Results  obtained  infer  the  simplest 
approach  assuming  one-dimensional  motion  of 
electrons,  is  reasonable  to  evaluate  rather  accurately 
characteristic  values  of  the  avalanching  process 
without  solving  the  kinetic  equation.  Exactly  such 
model  underlies  the  present  communication  delivering 
results  of  computer  simulations  of  the  relativistic 
electron  avalanche  in  the  air  of  atmospheric  density. 

2.  Model 

We  considered  a  beam  of  monoenergetic  electrons  with 
the  energy  8o  propagating  in  the  air  of  atmospheric 
density  along  the  direction  of  the  electric  force  -eE 
under  the  joint  action  of  electric  -eE  and  retarding 
forces  F(£)xp/p,  with  the  absolute  value  of  the  last  F(s) 
being  described  by  Bethe  formula  for  inelastic  electron 
energy  losses  L(£)  [3].  Here  e  >  0  is  the  elementary 
charge  and  p  is  the  runaway  electron  momentum.  To 
characterize  the  intensity  of  the  external  electric  field 
an  “overvoltage”  5  =  eE/Fmin  over  the  relativistic 
minimum  of  the  retarding  force  Fmin  =  2.18  keV/cm 
(normal  conditions)  was  introduced  [2].  Secondary 
electrons  are  produced  with  energies  within  the  range 
[0,  £(J2].  The  less  is  the  energy  of  a  secondary  electron 
£,  the  larger  is  the  angle  9  between  momentum 
directions  of  primary  and  secondary  electrons  (6  ^7d2 
for  £  ^  0).  The  angle  is  coupled  with  the  energies  eq 
and  £  as  follows  6  -  [(£/£o)x(2mc^+£o)/(2mc^+£)]l^2 
[2].  For  any  given  “overvoltage”  S  and  the  energy  of 
the  primary  electron  fp  there  is  a  minimum  (threshold) 
energy  of  secondary  electron  Emin  ^nd  corresponding 
to  it  Ornin,  such,  that  secondary  electrons  with  the 


energy  e  >  Emm  are  accelerated  to  be  involved  in  the 
runaway  electron  avalanche.  The  others  are  decelerated 
down  to  the  low-energy  range  to  get  an  equilibrium 
with  neutral  particles  of  an  ambient  gas.  The 
differential  ionization  cross  section  adij(E,Eo)  allows  to 
calculate  the  cross  section  for  the  production  of 
secondary  runaway  electrons 

e„/2 

Kif(£>eo)d£. 

^inin 

The  adequate  free  path  of  electrons  li(£o,  Smin)  = 
//(Woj)  characterizes  the  length  of  e  -  fold  increase  of 
runaway  electron  number  for  a  given  atomic  number 
density  of  the  air  N  =  2Ni^  where  Ni  =  2.7x  10'^  cm'^  is 
Loshmidt  number  density.  We  used  Moller  formula  for 
Odif  [4]  available  as  well  at  [2]  or  [5]. 

2.  Results  and  discussion 

Calculated  values  of  9mm,  £min,  and  [[(eq,  Smin)  fot  the 
“overvoltage”  S  =  2  and  a  variety  of  eq  are  presented  in 
Table  1  below.  One  can  see  that  li=  16  -  24  m  for  the 
energies  ranging  from  0.5  up  to  10  MeV.  At  ^  =  2  a 
runaway  electron  with  the  energy  Emm  acquires  along 
the  distance  20  m  the  energy  4.4  MeV  which  is  within 
the  energy  range  considered. 

The  characteristic  time  for  e  -  fold  increase  of  the 
number  of  runaway  electrons  in  the  runaway  avalanche 
is  defined  as  r;  =  //v  «  /N<jf  provided  that  runaway 
electrons  are  of  relativistic  energy  range  (v  »c).  For  /, 
=  16-  24  m  the  calculated  time  tj  =  55  -  66  ns  is  more 
than  four  times  larger  than  the  value  zj  »  14  ns 
reported  by  Roussel  -  Dupre  et.  al.  [2]. 


Table  1  (<5  =  2; 


£0 

^min 

^min 

h 

MeV 

rad 

keV 

m 

0.50 

0.920 

149 

28.07 

0.75 

0.994 

156 

22.60 

1.00 

1.035 

160 

20.82 

2.00 

1.104 

167 

18.76 

4.00 

1.150 

171 

18.00 

10.00 

1.170 

175 

17.60 
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Table  2  below  demonstrates  that  calculations  carried 
out  for  the  “overvoltage”  value  equal  to  ^  =  5,  gave  the 
same  discrepancy. 


Table2(<y=5) 


£0 

^min 

^min 

li 

MeV 

rad 

keV 

m 

0.10 

0.890 

39.0 

6.14 

0.20 

1.070 

42.0 

4.23 

0.40 

1.175 

46.5 

4.66 

1.00 

1.260 

49.5 

5.03 

5.00 

1.330 

51.0 

4.80 

10.00 

1.340 

52.0 

3.92 

We  calculated  that  a  deflection  of  the  runaway  electron 
momentum  p  into  the  angle  range  30°-50°  from  the 
direction  of  -eE  does  not  result  in  essential  increase  of 
the  cross  section  for  the  production  of  secondary 
runaway  electrons  oj. 

There  is  one  more  hypothetical  reason,  namely,  the 
large  angle  elastic  scattering  of  electrons,  that  possibly 
able  to  decrease  r/.  There  is  a  chance  that  electron  with 
an  energy  below  Smm  at  the  initial  portion  of  its 
trajectory  will  suffer  a  large-angle  scattering  to  be 
deflected  in  the  direction  of  the  electric  force  -eE  and 
to  become  runaway.  We  emphasize  that  it  is  necessary 
for  the  scattering  to  be  happened  exactly  at  the 
beginning  of  the  trajectory  and  the  deflection  to  be 
occurred  at  the  given  angle  and  the  direction  wanted. 
The  probability  of  such  event  is  extremely  low  due  to 
stochastic  nature  of  the  scattering  process  which  tends 
to  generate  isotropic  distribution  of  electron- 
momentum  and  increase  entropy  of  the  electron 


assembly  in  general.  Even  if  such  event  is  supposed  to 
be  happened  and  CT|  is  calculated  with  the  lower  limit 
£min  =  110  keV,  which  at  <5  =  2  is  the  runaway  energy 
threshold  for  6=0,  than  for  eo  =  1  MeV  one  obtains 
only  unessential  decrease  of  //  and  Tj  down  to  13  m  and 
43  ns  respectively. 

The  above  arguments  indicate  that  the  large  angle 
scattering  only  hampers  for  electrons  with  energies 
above  Smin  to  become  runaways.  Preliminary 
calculations  support  this  conclusion.  Elastic  scattering 
in  general  only  increases  the  value  of  r/. 

4.  Conclusion 

Presently  we  are  not  able  to  explain  the  cause  of  so 
large  discrepancy  between  results  presented  here  and 
those  reported  by  Roussel  -  Dupre  et.  al.  [2].  We 
believe  that  it  is  not  only  due  to  more  accurate 
approach  adopted  by  Roussel  -  Dupre  et  al.  Careful 
study  of  the  discrepancy  is  urgent  on  account  of 
laboratory  experiments  are  being  planned  to  study  the 
avalanche  of  runaway  electrons  in  the  air. 
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Electrical  breakdown  in  gases  with  external  magnetic 
field  is  interesting  due  to  arising  possibility  to  control 
the  discharge  dynamics  [1-  4].  The  effect  of  the  ex¬ 
ternal  longitudinal  magnetic  field  with  Ho  II  Eo  on  the 
electron  avalanche  evolution  and  the  breakdown  for¬ 
mation  time  tf  was  studied  by  Mitani  and  Kubo  [1] 
and  Omarov,  Rurhadze  and  Shikhaev  [3].  Here  Ho 
and  E()  are  vectors  of  external  electric  and  magnetic 
field  intensities.  In  the  present  communication  an  at¬ 
tempt  is  undertaken  to  consider  a  problem  of  the 
streamer  propagation  in  longitudinal  magnetic  field. 
The  consideration  is  carried  out  in  the  drift  approxi¬ 
mation  in  the  framework  of  the  mathematical  model 
developed  by  Lozanskii  and  Firsov  [5]  for  the  case  of 
Ho  =  0.  The  presence  of  the  magnetic  field  leads  to  a 
necessity  to  take  into  account  finite  plasma  conduc¬ 
tivity  at  the  streamer  front.  Therefore  the  Laplace 
equation  for  the  scalar  potential  of  the  electric  field 
0(r,t),  adopted  by  Lozanskii  and  Firsov,  is  not  suffi¬ 
cient.  Adequate  approach  should  proceed  from  the 
conductivity  equation  for  the  total  current 

div(j-£oj^  V0)  =  O,  ''  (1) 

where  j  is  the  conductivity  current  density.  The 
streamer  surface  is  defined  as  a  some  surface  (  r  j, 
confining  a  plasma  with  a  high  conductivity  and  low 
electric  field  (E  «  Eq).  Lozanskii  and  Firsov  adopted 
the  following  boundary  conditions  on  this  surface 

0(r)  =  O,  (2) 

d0/dt\x  =0  (3) 

Exactly  nearby  to  (  r  j  a  transient  sheath  exists,  where 
the  electric  field  intensity  achieves  its  maximum  value 
Emax-  It  is  permissible  to  neglect  the  bias  current  even 
at  the  nearest  proximity  of  some  surface  {'x  i),  where 
E(r)  =  Ei„ax{  r  j).  Really,  let  at  the  vicinity  of  the 
streamer  edge  a  small  portion  ^  «  J  of  the  maximal 
value  of  the  electric  field  energy  density  in  front  of 
the  streamer  surface  Eo(E,„axf/2,  was  delivered  to  the 
gas.  Here  E,nax  ~  E^  ~  Eo(a/rf/A,  with  A  being  a 
form-factor  weakly  depending  on  a/r  ratio  [5],  2a  is 
the  length  and  2r  is  a  diameter  of  the  streamer,  E  „  is 


the  electric  field  intensity  at  the  streamer  edge.  Then 
the  following  estimation  seems  to  be  reasonable 

j  /jciis  =  e  n,,  /4,  £■„  /  Sn(dEa/  dt)  ^ 

So  Ea  Ac  a/2(' 2£'„a~ 

[e  Eo  a/ 4(  So, +TJ]  (a/rf. 

Here  and  are  the  electron  number  density  and 
“temperature”,  Sin  is  the  energy  “price”  of  ionization 
event,  and  pe 's  the  coefficient  of  the  electron  mobil¬ 
ity.  On  account  of  both  eEo  a/4(s  o,  +  T’J  and  (a/rf 
»  J,  the  inequality  j/jjis  »  I  is  valid  provided  that 
^  is  sufficiently  small  to  neglect  the  field  variation, 
that  is,  bEa  «  Ea-  For  instance,  in  the  air  at  atmos¬ 
pheric  pressure  (Eq  >  »  30  kV/cm,  a  «  1  cm,  e  in  » 

30  eV,  Te  «  Ein)  the  ratio  eEoa/4{Si„  +  >  100  is 

realized.  For  instance,  at  5^  =  10'^  the  inequality  j  » 
jois  is  realized  due  to  (a/r)  ^  »1  in  spite  of  the  field 
intensity  reduces  only  on  10%  relative  to  its  maxi¬ 
mum  value. 

So  the  equation  (1)  is  reduced  to  the  equation  for  the 
potential  between  the  surfaces  7  and  7  /  provided 
that  j  >>  jjh  and  cylindrical  symmetry  of  the  problem 
are  taken  into  account 

1 

A,0  +  -  Ap0  =  0  .  (4) 

1  +  (CDce  /  Ven) 

The  boundary  condition  (3)  nearby  to  the  streamer 
edge  (p  0,  z  a)  reduced  to 

[(Az<P)'  +  ,  ,  \  . -i-  {\0f]  =  0.  (5) 

1  +  (Mcc/  Veil) 

Here  z  t-i  £o,  pi.  Eq,  and  =  Ao  ^  Hq /m  is  the 
electron  cyclotron  frequency,  and  Ve,,  -  is  the  fre¬ 
quency  of  electron  collisions  with  neutral  particles. 
Equations  (4)  and  (5)  written  in  coordinates  z,  y  =  p 
((cOce  /Ven  f  +1)°'^.  have  the  same  presentation  as  at 
Hq  =  0  (see  [5]).  As  a  result  0(p,  z,  t)  =  (p{z,  t)- 
(pjjff/4„  where  (p{z,  t)  =  0(0,  z,  t),  is  satisfied  nearby 
to  the  streamer  edge,  so  that  the  following  relations 
deduced  by  Lozanskii  and  Firsov  [5],  still  remain  to 
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be  valid  even  in  the  case  when  the  external  magnetic 
field  is  incorporated 

a  =  /2  c  (Pzia-  0,  (6) 

/(p  Jatj  g>z(a,t)  -  ^^(a,t)  (^,(a,t)]  (p^^(a,t)  = 
-/ie[fizz(a,t)<Pz(a,t)q>^'^(a,t)-2  <Pz,(a,t)]  =  0.  (7) 

Following  the  procedure  adopted  by  Lozanvskii  and 
Firsov  [5]  to  calculate  radius  of  the  streamer  edge 
Rlp-o^  2=0,  with  Ho  being  taken  into  account,  it  is  easy 
to  deduce  from  (6)  and  (7)  the  following  equation 

^  ^  ^  _  2]  (g) 

dci  l  +  (COcc/Ven)  f) 

The  equation  of  the  streamer  surface  follows  from  the 
condition  (2) 

ap_Ep/(i  +  ojL/vL)  +  E^z 

9a  E,Ep  ’ 

At  Ho  =  0  this  equation  approximates  with  a  suffi¬ 
cient  accuracy  the  surface  of  the  rotation  ellipsoid 
with  the  exception  of  some  domain  nearby  to  z  =  0 
[5].  For  a  streamer  to  develop,  the  form  of  its  surface 
in  the  vicinity  of  its  edges  (p  =  0,  z  =  ±a)  is  of  cru¬ 
cial  importance.  This  was  the  reason  why  Lozanskii 
and  Firsov  adopted  the  ellipsoidal  streamer  model  for 
which  the  right-hand  side  of  equation  (8)  equals  to 
zero.  It  is  obvious,  that  inequality  dR/da  >  0  is  satis¬ 
fied  independently  on  the  form  of  the  streamer  sur¬ 
face,.  that  is  the  surface  of  the  ellipsoid  is  the  limit 
case.  In  the  case  of  weak  magnetic  field,  when  in  (9) 
(cOcc/Vcnf  «  1,  the  ellipsoid  model  is  valid,  and 
dR/da  -  0.  This  case  corresponds  to  experiments  car¬ 
ried  out  by  Omarov,  Rukhadze,  and  Shikhaev  [3], 
who  obtained  that  in  nitrogen  the  breakdown  forma¬ 
tion  time  tf  almost  does  not  depend  on  Hq  for  the 
values  lower  then  a  certain  H;  depending  on  (Eq,  P). 
In  these  experiments  the  cyclotron  frequency  o}ce(Hj) 
was  almost  equal  to  in  the  molecular  nitrogen  of 
atmospheric  density.  As  Ho  increases,  the  surface  de¬ 
scribed  by  (9),  differs  essentially  from  the  surface  of 
the  ellipsoid.  The  equation  (8)  predicts  that  the  radius 
of  the  streamer  edge  R  is  a  decreasing  function  of  the 
magnetic  field  intensity  Hq  increase.  This  corresponds 
to  the  decrease  of  the  breakdown  formation  time  tf  in 
nitrogen  (dtf  /dHo  <  0)  measured  by  Omarov,  Ruk¬ 
hadze  and  Shikhaev  [3]  when  the  magnetic  field  in¬ 
tensity  was  increased  at  Hq  ^  H/.  This  was  due  to  the 
velocity  of  the  streamer  propagation  is  'determined  by 


electric  field  intensity  in  the  vicinity  of  its  leading 
edges 

a  =p^  a,  t)  w  a/R{ Ho).  ( 1 0) 

Therefore  in  strong  external  magnetic  field,  when  the 
inequality  ^  K-n  is  satisfied,  the  ellipsoid  model  of 
a  plasma  streamer  with  the  ideal  conductivity  fails  to 
be  valid.  The  equations  (8)  and  (9)  predict  the  in¬ 
crease  of  the  probability  for  narrow  contracted  chan¬ 
nels  to  develop  in  longitudinal  magnetic  field. 

Due  to  the  action  of  the  Lorentz  force  in  magnetic 
field  charged  particles  obtain  a  transverse  component 
of  the  velocity  [6] 

Ui  =  e[Ep  Ho]/m  cqCO  ^cHo  ( 1  +m v  Vm  ^coj),  (11) 

Here  is  the  equivalent  mass.  In  the  result  a  circu¬ 
lar  current  is  generated,  with  its  density  being  equal 
to  zero  at  z  =  0,  +  a  and  to  maximum  values  on  two 
circumferences,  where  Ep  =  Ej"“^.  The  eurrent  direc¬ 
tion  does  not  depend  on  the  carrier  sign  and  is  oppo¬ 
site  for  the  anode  and  cathode  halves  of  the  streamer 
on  account  of  opposite  directions  of  Ep. 

It  was  shown  above,  that  in  strong  longitudinal  mag¬ 
netic  field  the  streamer  surface  essentially  differs 
from  that  of  ellipsoid.  A  consequence  is  reduction  of 
the  curvature  radius  of  the  streamer  head  in  a  mag¬ 
netic  field  and  increase  of  its  propagation  speed.  It  is 
displayed  in  reduction  of  the  breakdown  formation 
time  as  the  magnetic  field  intensity  is  increased. 
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1 .  There  is  a  considerable  interest  in  the  creation 
of  vibrationally  excited  H2  molecules  because  of 
tlieir  application  to  plasma  chemistry,  H“  sources 
etc..  It  was  shown  previously  [1,2]  that  a  low- 
voltage  (LV)  discharge  in  CS-H2  mi.xture  might  be 
used  as  an  effective  source  of  vibrationally  excited 
H2  molecules  and  H"  ions,  H"  ions  being  created 
due  to  the  dissociative  attachment  (DA)  of  heated 
thermal  electrons  to  vibrationally  excited  Ha 
molecules  [3].  In  the  present  communication,  the 
new  theoretical  results,  concerning  the  creation  of 
excited  H2  molecules  in  this  kind  of  the  discharge, 
are  reported.  It  will  be  shown  that  vibrational 
distribution  function  (VDF)  of  H2  molecule  may  be 
significantly  improved  if  vibrational  excitation 
occurs  in  a  moving  flux  of  H2  molecules 
penetrative  through  LV  CS-H2  discharge. 

2.  The  following  theoretical  model  is  considered 
(see  Fig.  1).  H2  flux  flowi  between  two  plates  and 
passes  through  two  sections  one  after  another.  The 
first  section  (I)  is  a  discharge  one,  where  LV  CS-H2 
discharge  occurs  and  vibrationally  excited  H2 
molecules  are  created.  In  the  next  section  (II)  the 
excited  hydrogen  flows  in  a  plane  channel,  which 
v/alls  are  unheated.  The  very  significant 
intensification  of  H2  high  vibrational  lev'el 
population  takes  place  at  this  section  due  to 
“Treanor  difiusion”  [4]  of  vibi-ational  quanta  up  to 
high  vibrational  levels.  At  the  exit  of  a  chaimel 
(x=h)  H2  flux  flows  out  with  a  sound  velocity  Vs . 

3.  The  system  of  balance  equations  [1]  was 
solved  for  the  determination  of  H2  VDF  fv(0) 
formed  in  LV  Cs-H:  discharge,  i.e.  in  the  first 
section  (xsO).  I 


The  following  processes  were  taken  into  account:  e- 
v  exchange,  v-v  exchange,v-t  exchanges  with 
hydrogen  molecules  and  atoms,  v-v  transitions 
due  to  the  interaction  between  excited  H2 
molecules  and  Cs  atoms  and  due  to  the  H” 
stripping,  the  destruction  of  H2  molecules  due  to 
DA  and  reverse  process  -  creation  of  excited  H2 
molecules  due  to  tlie  associative  detachment,  the 
vibrational  relaxation  of  H2  molecules  at  the 
electrode  surfaces.  The  CS-H2  plasma  in  LV 
discharge  was  considered  as  uniform  one.  The 
plasma  parameters  were  determined  by  means  of 
self-consistent  solution  of  the  system  of  the 
equations  which  describe  the  vibrational  kinetics 
and  the  conservation  of  particles  and  energy  in  the 
discharge  gap  [5].  The  calculated  H2  VDF  fv(0)  in 
tlie  LV  discharge  is  shown  in  Fig.  2.  VDF  is 
normalized  to  unity.  The  LV  discharge  parameters 

are  as  follows:  H2  concentration  N  =  310>6  cm 

(0) 

whole  Cs  concentration  =  10''*  cm-^, 

interelectrode  distance  L=0.3  cm-,  cathode  emission 
current  j,  =  10  A/cm^,  discharge  voltage  U=6.9  V. 
The  calculated  electron  temperature  and 

concentration  are:  Te  =  0.7  eV,  ne  =  6.4-1 0'^  cm  L 

4.  The  decrease  of  H2  concentration  in  the 
channel  of  section  II  due  to  the  diminution  of 
pressure  was  taken  into  account.  The  relations, 
which  describe  the  gas  flow  in  section  II,  were 
obtained  by  means  of  the  consideration  of 
compressible  viscous  gas  flow  between  two  parallel 
plates.  The  length  h  of  a  channel  was  determined  in 
such  a  way  that  a  maximum  possible  value  of  the 
high  vibrational  level  population  took  place  at  the 
end  of  a  channel.  In  the  example,  which  will  be 
discussed  here,  this  level  will  be  chosen  as  v  =10. 

VDF  of  H2  molecules  was  calculated  by  means 
of  the  following  set  of  equations: 

dx 
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v'>v 


-^vE^vv' 

v'<v 


(1) 


(v,v'  =  0,1,2,,..  14). 

The  right-hand  terms  in  (1)  describe  v-v  and  v-t 
exchanges  between  H2  molecules  and  H2 
vibrational  relaxation  at  the  wall  surfaces  [6],  t  « 
L^/Dsd  ,  where  Dtd  is  H2  self-diffusion  coeflScient. 
The  results  of  calculations  are  shown  in  Fig. 
2,where  VDF  fv(h)  at  the  exit  of  a  channel  (x=h)  is 
depicted.  In  Fig.  2  the  function 

yv(Te)=Kv(Te)fv{Hy2  Kv(Te>£XH),  (2) 


which  gives  the  probability  of  H"  generation  due  to 
the  DA  of  electrons  to  H2  molecules  excited  at  the 
level  V,  is  also  depicted.  Here  Kv(Te)  are  the  rate 
constants  of  H'  generation  due  to  the  DA  of 
electrons  to  vibrationally  excited  v  levels  [7].  One 
can  see  that,  indeed,  very  significant  increase  of 
VDF  exists  for  v=6-10  because  of  the  vibrational 
quanta  diffusion  up  to  high  v  in  a  cold  channel.  It 
may  be  seen  by  means  of  the  curve  yv  that  the 
increase  of  VDF  at  the  exit  of  a  channel  occurs  just 
for  such  levels,  which  are  the  most  essential  ones  in 
the  process  of  DA.  In  Fig.  3  the  distributions  of  the 
concentrations  Nv(x)  of  vibrationally  excited  H2 
molecules  in  the  channel  of  section  II  are  shown, 
the  dotted  lines  being  the  results  of  calculations 
without  surface  deexcitation. 

The  proposed  method  of  the  creation  of  H2  VDF 
may  be  utilized,  in  particular,  in  two-camera  H' 
sources,  where  the  processes  of  H2 ,  vibrational 
excitation  and  H"  generation  take  place  in  the 
different  gas  volumes. 
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1.  INTRODUCTION 

The  plasma-wall  transition  layer,  generally,  consists  on 
two  region:  an  electrostatic  sheath  and  near  sheath 
quasi-neutral  plasma  (presheath)  [1],  In  the  presheath 
the  conditions  for  the  electrostatic  sheath  existance  are 
formed.  These  conditions  coimect  witlt  ion  velocity  and 
electric  field  at  the  sheath-presheath  interface.  In  the 
case  without  magnetic  field  the  ion  velocity  can  be 
smaller  than  the  Bohm  velocity  [2,3].  The  consistent 
solution  of  the  sheath  and  presheath  without  magnetic 
field  was  also  considered  by  Valentini  [4].  The 
magnetic  presheath  was  studied  for  floating  wall  case 
[5,6]  and  current  carried  wall  case  [7],  and  magnetized 
sheath  was  analysed  by  Holland  et.  al.  [8]. 

In  the  present  work  we  develop  a  model  of  the  plasma- 
wall  transition  layer  which  includes  sheath  and 
presheath  in  a  magnetic  field  obliquely  incident  to  the 
wall.  In  contrast  to  the  works  [5,6]  the  general  current- 
carried  presheath  model  without  assumption  about 
electron  distribution  function  will  be  used. 

2.  MODEL. 


The  velocity  components  vary  only  along  one  direction 
X,  normal  to  the  wall.  From  the  quasi-neutrality 
condition  and  Eq.  (1)  we  have  Vex-riVjjj.,  where 
T|=Je/Jj,  Jg  and  Jj  are  the  electroii  and  ion  currents 
normal  to  the  wall.  In  the  present  model  we  used  a 
constant  electron  to  ion  current  ratio  ri  as  a  parameter. 


The  dimensionless  variables  are  used:  n(^=N(^/NQ  (Nq 
is  the  plasma  bulk  density),  pj=Cg/a3j, 
Cg^=k(Tj+ZjTg)/mj,  Pg  =cOg/Ogj,  tOg— eB/mg, 
(|)=eU/kTg,  s=Tg/Tj,  vj/=Lp)/pi  and  p=mg/mj.  In 
additions  the  relation  between  Pg  and  pj  is  used  in  the 
form  of  Pg=Pj5/p,  where  5=Vg/vgj.  The  presheath  edge 
(boundary  2)  we  defined  as  a  boundary  where  ion 
velocity  normal  to  the  wall  approaches  to  the  Cg. 


Figure  1.  The 
geometry  of  the 
plasma-wall 
transition  layer 


Presheath.  The  magnetic  field  intersects  the  wall  with 
angle  0  (Fig.  1).  It  is  assumed  that  the  presheath  region 
is  quasi-neutral  i.e.  ZjNj=Ng=N.  In  the  present  model 
the  effect  of  ion  collision  with  heavy  particles  is 
approximated  by  the  effective  collision  frequency  Vg  of 
ions  with  neutral  particles,  assumed  to  be  a  background 
distributed  uniformly  in  the  presheath  [6,7].  The 
plasma  parameter  distribution  in  the  presheath  may  be 
described  by  the  following  two-fluid  equation  system: 
V-(NaVoc)=0  (1) 

miVi- Wi=eN(E-tVixB)  -  VP/N-  VgmjVi 

+vigmg(Vg-Vi)  (2) 

0=-e(E+VgxB)  -  VP/N-  Vgimg(Vg-Vi)  (3) 

where  a  =e,  i;  Vj,  Vg  are  the  ion  and  electron  fluid 
velocity,  E=-VU  is  the  electric  field,  U  is  the  potential, 
B  is  the  magnetic  field,  Vgj  is  the  electron-ion  collision 
frequency.  It  is  assumed  that  the  electrons  and  ions  are 
ideal  gases  so  that  Pg(^=NkTg(^,  where  k  is  the 
Boltzmann  constant,  and  Tg,  Tj  are  the  electron  and 
ion  temperatures,  which  are  assumed  to  be  a  constant. 


Sheath.  The  system  of  equations  consists  on  the  Poison 
equation:  V^())=\p"2(ng-ni)  (here  coordinate  was 
normalized  by  pj)  and  Boltzmann  distribution  for 
electrons:  ng=e*‘t’.  In  the  first  approximation  (v|/«l) 

ion  density  varies  as  nj= — .  .t ^  =  where 

•yi-2(<j)-<|)o)(^)^  1+1/e 

Vq  and  (j)Q  are  ion  velocity  and  potential  at  the  sheath- 
presheath  interface.  At  the  sheath-presheath  interface 
the  conditions  for  the  ion  velocity  Vq  and  electric  field 
Eg  are  used  and  current  continuity  Ti=const  in  the 
preasheath  and  sheath  is  employed.  As  it  was  pointed 
above  at  the  boundary  2  (i.e.  Vq=C5)  the  electric  field 
is  infinite.  Therefore  the  electric  field  must  be  taken 
before  this  boundary  where  VQ<Cg  i.e.  ion  velocity  is 
smaller  than  the  Bohm  velocity  (boundary  3).  We  will 
taken  such  the  critical  velocity  Vg  and  electric  field  Eg 
(before  boundary  2)  which  leads  to  the  monotomic 
solution  of  the  Poison  equation. 

3.  RESULTS 

The  electric  potential  distribution  with  respect  to  the 
plasma-presheath  interface  is  plotted  in  Fig.  2  with 
angle  0  as  a  parameter.  The  potential  distribution  has  a 
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maximum  <j)max-  oblique  magnetic 

field  with  6>2°  and  ti  =  1  the  value  of  <|)inax  decreases 
up  to  zero.  As  shown  in  Fig.2  the  presheath  potential 
drop  in  the  case  of  11=1  increases  with  angle  0  while  in 
the  case  of  small  n  the  presheath  potential  drop 
decreases  with  9. 


b 

Figure  2.  The  potential  distribution  in  the  presheath 

The  potential  distribution  in  the  presheath-sheath 
structure  is  shown  in  Fig.  3.  It  can  be  seen  that 
potential  changes  occur  mainly  in  the  sheath  (~6 
kTg/e)  while  in  the  presheath  the  potential -drop  is  less 
kTg/e.  The  velocity  Vq  is  about  (0.6-0.88)  05  for  vg 
=10'^-10'^  and  ti=1  and  increases  with  ion  to  the 
electron  current  ratio  l/i]  as  shown  in  Fig.  4  where  vg 
used  as  a  parameter.  In  the  case  vi/>10'^  the  velocity 
Vq  significant  decreases.  It  should  be  noted  that  in  this 
case  the  sheath  is  magnetized  and  more  accurate 
solution  should  be  used. 

The  current-voltage  characteristic  of  the  plasma-wall 
transition  layer  with  incidence  angle  0  as  a  parameter 
is  shown  in  Fig.  5,  where  Acj)  is  the  total  voltage  of  the 
transition  layer.  This  characteristic  does  not  depend  on 
the  incidence  angle  for  0>5°.  The  change  of  A(()  with 
incidence  angle  connects  mainly  with  presheath 
voltage  drop  as  can  be  seen  in  Fig.2. 
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layer. 


1/n 

Figure  4.  The  critical  ion  velocity  at  the  presheath- 
sheath  interface. 


1/n 

Figure  5.  The  current-  voltage  characteristic  (ion 
branch). 
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1.  Introduction 

Vibrational  kinetics  of  the  excited  N2 
molecules  in  DC  glow  discharges  was  a  sub¬ 
ject  of  numerous  studies  previously,  e.g.  ref. 
1-3,  due  to  achieved  high  non-equilibrium  be¬ 
tween  vibrational  and  translational  degrees 
of  freedom.  This  is  crucial  for  laser  tech¬ 
niques  and  significantly  influences  kinetics  of 
plaisma  processes. 

The  T„  vibrational  and  T^  gas  tempera¬ 
tures  determined  from  vibrational  and  rota¬ 
tional  distributions  of  the  ground  electronic 
state  of  N2,  measured  using  CARS  (Coherent 
Anti-Stoke  Raman  Spectroscopy)  method, 
help  to  verify  the  rate  constants  for  the  VV 
exchange  processes.  Moreover,  the  proba¬ 
bility  of  vibrational  quenching  in  heteroge¬ 
neous  process  (vibrational  de-excitation  on 
the  wall)  may  be  estimated. 

2.  Experiment 

The  discharge  was  realized  in  a  slow  flow 
of  N2  confined  by  water-cooled,  quartz  tube 
with  the  inner  radius  of  1.8  cm,  at,  a  pressure 
which  was  varied  from  3.5  to  20  Torr.  The 
distance  between  platinum  electrodes  wa.s  58 
cm.  The  reduced  electric  field  E/N  and  the 
electric  current  were  varied  in  the  range  40 
to  80  Td  and  10  to  60  mA,  respectively.  The 
vibrational  and  rotational  distributions  were 
probed  using  CARS  method.  The  time  evo¬ 
lution  of  the  gas  temperature  was  measured 
at  symmetry  axis  of  the  discharge  tube  using 
optical  two-wave  interferometer.  The  radial 
distributions  of  the  gas  temperature  and  elec¬ 
tron  density  measured  by  optical  interfero¬ 
metry  and  spectroscopic  method  discussed  in 
ref.  3  and  4  allow  a  better  comparison  with 
the  numerical  calculations. 

Figure  1  presents  the  optical  scheme  of  the 
applied  CARS  spectrometer  including:  laser 
system  (1),  data-acquisition  and  processing 
set  (2)  automated  on  the  basis  of  IBM  PC 
(3).  Its  laser  system  consists  of  a  narrow- 
band  tuned  dye  laser  pumped  by  the  second 
harmonics  of  a  single-mode  NiYAG  laser. 
The  Nd:YAG-laser  2w  pulse  (140  mJ)  of  25 


to  30  ns  duration  was  directed  collinearly 
with  the  dye-laser  6  mJ  pulse  along  the  sym¬ 
metry  axis  of  the  discharge  tube.  The  spatial 
resolutions  of  CARS  achieved  in  this  experi¬ 
ment  were  100  jj,m  and  4  cm,  in  measure¬ 
ments  perpendicular  and  along  beam  axis, 
respectively.  The  CARS  signal  was  separated 
from  the  pump  beams  by  the  broadband  fil¬ 
ter  (5),  the  monochromator  (6)  and  sent  to 
the  optical  multichannel  analyzer  (OMA  III) 
(7)  or  through  an  optical  fiber  (8)  to  the  pho¬ 
tomultiplier  tube  (9). 


Fig.  1.  The  experimental  set-up. 
3.  Model  description. 


The  following  elementary  processes  have 
been  included  in  the  model  of  a  DC  dis¬ 
charge  in  N2:  the  excitation  and  quenching  of 
electronic  states  of  N2(A^S+,  C^Hu, 

W^A.,  a^Ug,  w^A,),  N(2p, 
^D)  and  vibrational  states  of  N2(Y’-S+) 
in  collision  with  electrons,  molecules  and 
atoms;  the  N2  dissociation  induced  by  elec¬ 
tron  collision  (the  cross  section  of  the  process 
includes  contributions  from  electronic  excita¬ 
tions  with  transition  to  predissociated  states) 
and  vibrational  excitation  with  production  of 
N(*S);  VV  and  VT  relaxation  processes.  The 
heterogeneous  quenching  processes,  diffusive 
and  convective  heat  transfer  from  the  vol¬ 
ume  were  considered  as  well.  The  Boltzmann 
equation  (discussed  in  ref.  5)  has  been  solved 
to  determine  the  rate  constants  for  processes 
induced  by  electron  collisions.  The  measured 
radial  Tj  and  n^  profiles  were  used  in  the 
model  to  increase  the  accuracy  of  calculated 
vibrational  levels  populations  N„  and  the  gas 
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temperature. 

4.  Results  and  discussion. 

The  presented  model  was  verified  for  var¬ 
ious  glow  discharge  conditions  i.e.  variable: 
gas  pressure,  p,  and  flow  rate  which  deter¬ 
mines  the  residence  time  of  the  N2  gas  in 
the  dischajge  (t^).  The  CARS  measurements 
of  vibrational  and  rotational  distributions  in 
the  glow  discharge  were  performed  and  the 
gasTj  and  vibrationaJ  T„  =  3400/ ln(No/Ni) 
temperatures  were  determined.  These  tem¬ 
peratures  are  compared  in  Table  I  with  those 
predicted  by  the  model  calculations,  where 
two  different  values  of  heterogeneous  quen¬ 
ching  probabilities  were  assumed  (7  =  10“* 
and  10“^).  The  last  two  sections  correspond 
to  CARS  measurements  done  by  Smirnov  et 
al.  [1],  Massableaux  et  al.  [2]  in  dischajge 
tubes  with  the  inner  radius  of  0.7  and  1  cm. 

Table  I.  Tj  and  T„  in  DC  discharges. 


tube  for  various  steady-state  electron  den¬ 
sities  neo;  discharge  tube  radius  was  1  cm. 
Theoretical  results  agree  well  with  the  val¬ 
ues  obtained  here  using  CARS  or  published 
in  ref.  3  (optical  interferometry  method). 


P 

ti 

7 

exp. 

calc. 

exp. 

calc.  Torr 

ms 

480  ±  35 

512 

3790  ±  350 

3700  3.5 

30 

10” 

470 

3475 

10- 

530  ±  35 

545 

4320  ±  360 

4255  7.0 

15 

10- 

530 

4200 

10- 

600  ±  40 

610 

4270  ±  370 

4240  9.5 

15 

10- 

605 

4240 

10” 

395  ±  12 

400 

2850  ±  100 

2790  12.0 

30 

10- 

HI 

360 

m 

2615 

10- 

530  ±  30 

470 

5300  ±  350 

4960  2.0 

11 

10" 

[2] 

420 

[2] 

4250  . 

10- 

respectively.  Taking  into  account  that  the 
role  of  heterogeneous  Nj  vibrational  quen¬ 
ching  decreases  with  the  pressure  or  tube 
diameter  increase,  the  probability  for  the 
process  can  be  deduced  from  Table  I,  i.e. 
7  =  10”*.  It  is  one  of  the  very  few  experimen¬ 
tal  estimation  of  this  probability.  It  has  been 
reported  in  the  work  [6]  -  the  same  is  true 
here  -  that  the  best  agreement  between  the¬ 
oretical  and  experimental  values  of  T„  was 
achieved  when  tne  rates  for  the  VV  processes 
were  taken  from  Billing  et  al.  [7],  at  least  for 
the  five  lowest  vibrational  levels  v  —  0,...,5 
probed  in  our  CARS  experiment. 

Table  II.  Tj  in  DC  dischajges. 

p  neo  E/N  T^,  K  i 

Ton  cm”^  Td  exp  calc. 

“l5  0.68*10^“  TO  760  ±  50  720 

2.0*10*°  73  1000  ±  100  1040 

20  1.1*10^^'  52  810  ±  10  [3]  860 

3.9*10*°  59  II  1175  ±25  [3]  1170 

Table  II  presents  gas  temperature  Tg  mea¬ 
sured  at  the  symmetry  axis  of  the  discharge 


0.5  h 


0  5  10  15  20  25  30  35  40  45  50 

y  ms 

Fig.  2.  Time  evolution  of  Tj  and  n*. 

Figure  2  displays  the  time  evolutions:  Tg(t) 
and  ne(t)  measured  at  the  symmetry 
axis  of  the  discharge  tube  using  optical 
I-  two- wave  interferometer;  p  =  20  Torr 

3  and  neo  =  2  +  10*°  cm“°.  Temperature 
Tj  is  normalized  to  the  wall  tempera- 
3  ture  Tu,  and  ne  to  neo,  symbols  repre- 
^  sent  experiment  and  solid  line  theory. 
®  The  Tj(t)  evolution  for  t<  10  ms  (in- 

g  fluenced  strongly  by  the  VV  exchange) 

is  best  fitted  when  rates  for  the  VV  pro- 
3  cesses  (v  >  9)  are  calculated  according 
—  to  Zhuk  et  al.  [8]. 
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1.  Introduction 

Low  temperature  plasma  processes  involving 
methane  and  methane-argon  mixtures  are  nowadays 
widely  used  in  important  applied  fields  such  as 
Plasma  Chemical  Vapour  Deposition.  Many  basic 
studies  regarding  the  optical  emission  of  these 
discharges  [1]  have  been  carried  out,  as  well  as  other 
diagnostic  methods  for  the  optimisation  and 
simulation  of  these  processes,  which  are  in  many 
instances  strongly  dependent  on  the  gas  mixture 
content  and  discharge  parameters.  In  coimection  with 
the  latter,  knowledge  of  swarm  and  transport 
parameters  over  a  wide  range  of  the  density- 
normalised  electric  field  strength,  E/N,  is  highly 
desirable,  although  not  always  available.  For  instance, 
studies  on  the  drift  velocity  of  electrons  in  CIL-Ar 
mixtures  have  been  done  by  Kldan  et  al  [2],  but  only 
at  low  E/N  values  up  to  about  10  Td  (1  Townsend  = 
10’’’  V  cm^.  The  aim  of  this  work  was  to  measure  the 
effective  ionisation  coefficients  and  the  positive  ion 
mobilities  of  pure  methane  and  its  mixutre  with  50% 
argon  over  a  wide  range  of  E/N. 

2.  Experimental  method 

The  ejqjerimental  apparatus  was  based  on  a 
previous  design  [3],  but  underwent  some  modifications 
and  improvements.  Briefly,  it  consists  of  a  set  of 
highly  polished,  parallel-plate  metallic  electrodes,  12 
cm  in  diameter  with  rounded  edges.  A  fixed  2  cm  gap 
distance  was  used  Base  pressures  of  1  utorr  were 
achieved  while  gas  pressures  varied  over  the  range 
0.1-50  torr.  The  avalanche  was  initiated  by  a  3ns 
duration  flash  of  photoelectrons  released  by  the  action 
oif  LTV  light  from  a  nitrogen  laser  (X.=337  nm)  from 
the  cathode.  The  ionic  part  of  the  avalanche  was 
detected  the  voltage  drop  across  a  resistor  in  series 
with  the  cathode,  fiirther  amplified  and  recorded  by  a 
100  MHz  digitising  osciloscope.  The  value  of  this 
resistor  and  the  stray  capacitance  asociated  in  parallel 
to  it  gave  a  time  constant  between  10  and  20  ns,  small 
enough  to  ensure  the  so  callled  “differentiated  pulse 
condition”,  where  the  voltage  drop  is  proportional  to 
the  total  displacement  current  due  to  all  carriers 
dirfting  across  the  gap. 

The  resulting  waveform  was  analised  by  an 
expression  for  the  positive  ion  current  which  considers 


the  processes  of  ionisation,  attachment  ,  and  positive 
ion  drift  and  longitudinal  diffusion  [4].  Small 
contributions  at  the  beginning  of  the  pulse  from 
electron  capture  processes,  and  the  remaning  electron 
diffusion  did  not  affect  the  evaluation  of  the  pulse 
according  to  such  equation,  since  the  relevant  swarm 
and  transport  parameters  were  derived  from  the 
middle  and  end  portions  of  the  pulse.  The  effective 
ionisation  coefiicient  and  the  drift  velocity  were 
derived  from  a  curve  fitting  procedure  to  the  observed 
ionic  pulses. 

3.  Results 

The  density-normalised  effective  ionisation 
coefficient,  (a-Ti)/N,  where  a  and  q  are  the  electron 
ionisation  and  atachment  coefficients,  respectively,  are 
shown  plotted  in  Fig.  1  as  a  function  of  E/N,  for  a 
100%  CKU  ,  and  50-50%  CILi-Ar  mixture.  Also,  the 
effective  ionisation  coefficients  for  100%  Ar  measured 
by  Kruithof  [5]  are  shown  in  the  same  figure  for 
comparison.  It  is  clearly  seen  that  the  efective 
ionisation  coefficient  increases  smoothly  as  the  Ar 
percentage  in  the  mixture  does  up  to  about  400  Td. 
Above  this  value,  the  effective  ionisation  coefficients 
for  the  mixtine  are  still  slightly  higher  than  those  for 
pure  methane,  but  those  for  argon  become  lower  at  the 
end  of  the  range. 


Fig.  1.  The  present  effective  ionisation  coefficients  for 
100%  CHL,  (fiiU  circles),  50%  CEL,-  50%Ar 
mixture  ( open  triangles),  and  100%  Ar 
(open  squares.  Reference  5) 
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Although  there  is  clear  evidence  of  electron  capture 
processes  taking  place  in  methane  under  swarm 
conditions  [6],  the  evaluation  of  a  and  t)  was  not 
performed  because  of  the  smallness  of  the  negative  ion 
contribution  to  the  total  current  of  the  avalanche  pulse. 

The  positive  ion  drift  velocities,  v+,  obtained 
from  the  same  analysis,  were  converted  into  reduced 
mobilites  by  the  well-known  expression  given  by  [7] 

K<.  =  (v+/N<,)/(E/N), 

where  No  =  2.69xl0‘®  cm'^  is  gas  density  at  STP. 
These  mobilities  are  shown  plotted  in  Fig.  2  as  a 
function  of  E/N  for  a  pure  CH4  ,  and  for  a  50-50% 
CRt-Ar  mixture.  Qualitatively,  there  are  two 
interesting  features  to  discuss  from  these  curves.  The 
first  of  these  relates  to  the  earlier  appearance  of  the 
wide  maximum  on  the  mobility  curve  of  the  methane- 
argon  mixture.  This  is  indicative  of  the  strong 
influence  of  the  argon  neutrals  on  the  scattering 
process.  The  second  feature  refers  to  the  lowering  of 
the  mobility  of  the  ions  drifting  in  the  mixture,  which 
is  also  explainable  by  the  presence  of  the  argon 
neutrals.  An  inspection  of  the  mobilities  reported  in 
the  literature  indicates  that  the  mobility  for  Ar^  ions  in 
pure  At  is  much  lower  than  the  presently  measured 
mobilites  for  pure  methane  and  its  mixture  with  Ar 
[9]. 


E/N  (Td) 


Fig.  2  Reduced  mobility  of  positive  ions  in  100% 

CH4  (full  circles),  and  50-50%  CRi-Ar 
mixture  (open  triangles ). 

A  comparison  of  the  present  100%  CH4 
mobility  data  with  mass-spectrometrically  analysed 
ones  up  to  E/N=500  Td  suggests  that  the  ion  under 
question  may  either  be  CHs^  or  C2  H5"  [8].  As  regards 
the  identity  of  the  ions  drifting  in  the  mixture,  this 
must  await  a  direct  mass-spectroscopic  assessment. 
However,  since  it  is  known  t^t  the  mobility  of  Ar^  in 
Ar  is  about  half  that  of  the  mixture  [9],  one  might 
spectulate  that  the  observed  curve  may  be  the 


unresolved  mean  of  two  or  more  of  the  most  important 
positive  daughter  ions  of  methane. 

To  our  knowledge,  no  previous  measurements 
of  either  the  effective  ionisation  coefBcient  or  the 
positive  ion  mobilities  have  been  published. 
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Introduction 

A  kinetic  model  for  the  decay  of  excited  species  in  an 
argon  afterglow  at  “late  times”  is  presented;  it 
interconnects  two  atomic  states  and  four  excimer  states 
in  one  consistent  model.  The  excited  states  are 
subjected  to  elementary  processes,  each  of  which  is 
characterised  by  a  process  rate;  the  sum  of  the  process 
rates  of  all  decay  chaimels  yields  the  loss  rate  of  the 
excited  state.  Knowledge  of  all  process  rates  allows  the 
calculation  of  loss  rates  and  decay  rates,  the  latter  being 
experimentally  accessible.  Measurements  of  the  decay 
of  the  first  and  second  continuum  at  pressures  between 
0.9  and  100  Torr  are  compared  with  theoretical 
estimates. 

Theory 

The  model  describes  the  behaviour  of  all  excited  states 
which  contribute  significantly  to  the  observed  VUV 

continua:  the  Ar*(^P, )  and  Ar*(^P2)  atomic  states, 
and  the  higher  and  lower  vibrational  levels  of  the 
Ax*(o^)  and  Ar2(ly)  excimer  states  (fig.  1). 

In  the  decay  model  the  process  rates  represents  the 
elementary  process  i->j,  the  loss  rate  is 

j 

The  concentrations  nj(t)  are  described  by  a  set  of 
coupled  linear  differential  equations 

in,(0  =  -y.(0  +  'Z^^nj(0 

j 

The  time  dependence  of  the  concentrations  is 
represented  by 

«,(0  = 

the  decay  rates  are  the  roots  of  the  eigenvalue 
equation.  In  the  absence  of  reversible  proeesses,  deeay 
rates  equal  loss  rates  and  can  be  associated  with  the 
decay  of  a  particular  state. 

Decay  of  the  atomic  states 

The  metastable  state  ^Pj  is  annihilated  after  diffusion 

(D)  to  the  wall,  while  the  resonant  ^  P,  state  decays  by 
imprisoned  resonance  radiation  (IRR).  For  the 
treatment  of  ecimer  formation  (B3)  and  exeitation 
transfer  (ET)  by  three  body  collisions  ( ,  CCj^^p^  ) 
the  eoncept  of  a  quasimolecule  was  introduced  [1],  The 
three  body  collision  is  treated  microscopically  as  two 
successive  two  body  collisions  each  linearly  dependent 
on  pressure  with  a  fast  redessociation  process 


reconnecting  the  quasimolecule  to  the  atomic  precursor. 
Collision  induced  radiation  (CIR)  {cc^^p,aj^^p) 
occurs  when  radiative  transitions  from  the 
quasimolecule  are  allowed. 

Applied  to  argon,  the  sum  of  all  relevant  process  rates 
results  in  calculated  loss  rates: 

’Pa  v,=^  +  16p  +  35p= 

Ap 

"P,  ^2  =  5.710^'  +  2084p  -t-  222p"  p  in  Torr. 

Decay  of  the  excimer  states 

excimers  are  formed  in  higher  excited  vibrational 
levels  (symbol  *)  by  three  body  collision  processes.  In 
successive  collisional  steps  the  states  reach  the 

vibrationally  relaxed  '’^E®  states  in  thermal 
equilibrium  with  the  gas.  From  each  of  the  vibrational 
levels,  radiative  decay  to  the  ground  State  is  possible. 
However,  the  occurrence  of  two  well  separated  VUV 
continua  leads  naturally  to  the  assumption  that  only 
higher  (*)  states  contribute  to  the  first  continuum  and 
only  lower  states  (o)  to  the  second  continuum.  The 
process  rates  of  the  4  excimer  states  as  taken  firom 
literature  are  given  in  what  follows. 

-Excimer  radiation 

in  the  second  continuum  (UV2) 

'E°  r  =  4.2  ns  =>  =  2.4  lO's"*  [2] 

"K  =^y0Lu=  3.210's-’  [3] 

in  the  first  continuum  (UVl) 

'E;  t  =  160  ns  =6.1210' s-'  [4] 

■S:  =2.810*  S-’  [5] 

-Collision  induced  radiation  (CIR) 

The  p-term  in  the  decay  of  the  ’’'E^  states  is 
interpreted  here  as  collision  induced  radiation  from  a 
short-lived  three  body  complex,  analogous  to  collision 
induced  radiation  from  a  two  body  quasi-molecule. 

®Mu  P  =  3.22  p  s"'  [3],  p  =  547  p  s"’  derived 
using  the  principle  of  microscopic  reversibility. 
-Vibrational  relaxation 

Rare  gas  excimers  change  their  vibrational  state  only  in 
collisions  with  ground  state  atoms.  Due  to  the  depth  of 
the  '■*  Ej^  potential  well  (0.55  eV)  one  exspects  that  the 
(*)-^(°)  relaxation  requires  a  great  number  of  steps  to 
relax.  A  detailed  study  of  the  vibrational  relaxation  in 
argon  can  be  found  in  [6],  however,  the  assumption 
made  in  [1]  remains  valid:  higher  excited  levels  and 
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lower  excited  levels  are  connected  by  an  equivalent 
relaxation  rate  p  =  5.610*  ps“'  [7],  aJ^uP  is 
unknown,  but  assumed  equal  to  aj^^p  . 

Process  and  loss  frequencies 
Based  on  the  previous  numbers,  the  loss  rate  for  each 
excimer  state  is  obtained  by  combining  the  relevant 
process  rates: 

*1*;  V3  =  6.12 10® +5.6 10*  p 
’E*:  V4  =2.810* +5.610*  p 
*1°:  V3  =3.210*+3.2p 
'E“:  V6=2.410*+547p 
The  6  values  are  shown  as  full  lines  in  fig.2. 
Experiment 

The  decay  of  the  first  and  second  continuum  in  argon 
was  measured  in  the  “late  afterglow”  of  a  low  current 
difiuse  glow.  The  tube  with  a  diameter  of  36  mm  and 
length  35  cm  was  provided  with  a  LiFa  window; 
standard  UHV  techniques  were  used  prior  to  filling. 
The  detection  system  consisted  of  a  0.3  m  Me  Person 
vacuum  monochromator,  followed  by  either  a  UV 
convertor  and  photomultiplier  for  the  second 
continuum  (120  to  140  nm)  or  a  spiraltron  electron 
multiplier  for  the  first  continuum  (106  to  110  nm). 
Depending  on  intensity  the  signal  was  averaged  on  a 
Lecroy  9400  digital  oscilloscope,  or  sent  to  a  SRS 
multichaimel  scaler  or  to  a  photon  counting  chain.  The 
intensity  was  recorded  over  at  least  two  decades  over 
the  pressure  range  0.9  to  100  Torr,  and  fitted  to 

k 

with  ^^■k.exp  experimentel  decay  rate. 

Results 

For  the  first  continuum  two  components  were  found  in 
the  decay  rate: 

If  1  =  (5.4  +  0.2)10^  +  (1285  ±  44)p  +  (145  +  5)p' 

Af  j  =  (68  ±  1  l)p  +  (1 8.3  ±  0.3)p^ 

while  the  decay  of  the  second  continuum  could  always 
be  fitted  to  a  single  exponential: 

82  H"  20 

2  =  = —  +  (75  +  9)p  +  (1 8.5  +  0.3)p' 

P 

Comparison  of  these  results  with  the  theoretical 
estimates  (fig.2)  leads  to  the  attribution  of  the  faster 

2  to  the  decay  of  the  *P,  atoms,  while  the 
slower  Af  2  and  >^.5  2  are  identfied  as  the  decay 


Fig.l.  General  model  for  the  formation  and  decay  of 
argon  excimers 


Fig.2.  Measured  and  calculated  loss-and  decay  rates  v 
and  X  as  a  fimetion  of  pressure. 
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1.  Introduction 

Earlier  works  on  the  determination  of  equation  of  state 
of  fully  ionized  hydrogen  plasmas  show  the  importance 
of  quantum  description  of  e'  -  ion  and  e'  -  e 
interactions  [1,2].  The  approach  used  consists  in 
calculating  a  pair  distribution  function  on  a  complete 
basis  set  of  Coulomb  wave  functions.  With  this 
temperature  dependent  pair  distribution  a  density  and 
temperature  dependent  plasma  potential  was  e\  aluated. 
Thermodynamic  fimctions  were  then  deduced  [2,3]. 

In  this  work  we  extend  the  study  to  helium  like  plasmas 
which  contain  (when  not  fully  ionized)  hydrogen  like 
ions  in  addition  to  point  like  ions  and  electrons.  The 
first  step  consists  in  obtaining  a  sufficiently  accurate 
wave  functions  to  describe  the  states  of  one  electron  in 
the  field  of  hydrogen  like  ion.  In  contradistinction  with 
the  fully  ionized  plasma  case,  an  efficient 
thermodynamic  result  is  the  ionization  rate  versus 
plasma  temperature  and  density. 

2.  Pair  correlation  function 

We  have  developed  a  semi-empirical  model  making  use 
of  a  parametric  e'  -  ion  potential  [4,5]  which  is  a  sum  of 
the  coulombic  potential  and  a  1/r^  term.  This  model 
has  permitted  us  to  constnict  accurate  bound  and 
continuum  wave  functions  for  f  <  2  and  for  the  helium 
isoelectronic  sequence  up  to  Z  =  26. 

The  pair  distribution  ftinction  is  a  sum  of  bound  and 
continuum  state  contributions  : 

si’’’)  =  gB{r)+ gc{r)  (1) 

with  ; 

oo  n  —  1 

9B{r)  ^ 

71  =  1  t=0 

(2) 

and : 


The  corresponding  pair  distribution  fimctions  evaluated 
in  the  plasma  differ  from  the  classical  ones  at  small 
separation.  They  are  always  finite  at  tlie  origin. 
Therefore,  they  permit  thennodynamic  calculations 
pointing  out  the  quantum  effects. 

3.  Effective  potential 

The  effective  plasma  potential  is  defined  in  terms  of  the 
pair  correlation  function  as  follows  : 

=  (4) 

where  .r  =  r/X  is  a  reduced  distance  and  t.  is  the  De 
Broglie  wave  length.  %  -  L/X  is  a  quantum  parameter,  L 
being  the  Landau  length. 

This  potential  is  calculated  from  pair  distribution 
function  calculations.  We  modelized  numerical  results 
with  a  flmctional  form  [6]  and  in  the  case  of  electron- 
hydrogen  like  ion  .interaction  we  write  : 

"  |[l-exp(-2x2-Qx®)] 

+  A  [1  -  Erf(Bx)] 

(5) 

in  which  A  and  B  are  Bade  functions  of  the  quantum 
parameter  they  depend  on  the  temperature,  the 
parameter  a  (=  1/(Z-1))  takes  into  account  the  nuclear 
charge  effect  (in  relation  to  the  spatial  extent  of  the  ion) 
on  the  optical  electron  state. 

From  Eq.  (5)  the  high  temperature  (^«1)  hydrogen  like 
(a=0)  plasma  potential  form  is  recovered  [1]. 
Moreover,  the  limit  a=0  and  ^=0  (infinite  temperature) 
of  Eq.  (5)  gi\  es  the  Kelbg  potential  [7]. 

4.  Ionization  rate  of  helium  plasma 


gc{r)  =  C'Y^{2e+l)  dkexp{-~~)  {Rke{r)} 

(.3) 


where  C  =  (lKp/r/m)^'-/An  is  a  normalization  constant. 
For  f  >  2,  the  wave  fimctions  are  the  hydrogen  like 
ones.  For  f  ^  2,  they  depend  on  a  non  integer  effective 
angular  momentum. 


In  the  binary  approximation  the  partition  function  of 
the  system  is  written  in  terms  of  pair  correlation 
functions.  We  show  that  the  free  energy  of  the  system 
can  be  w  ritten  in  the  form  ; 
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F  =  Fo+ 


PiPj  (uij(r)  -  ZiZje^jr) 


In  {D{k)}  +  Y,Ou{k)  . 

i-l 

(6) 

where  /  and  j  stand  for  the  various  plasma  components. 
Uy  (r)  is  the  above  defined  eflfective  potential,  p,  is  the 
component  density  and  Cy  (k)  is  related  to  the 
Fourier  transform  of  the  potential  by  the  relation  : 

Cy  (k)  =  -PipaPj  Cy{k).  DQc)  is  the  determinant  of 
the  matrix  made  of  the  elements  :  ly  -  Cy  (k). 

The  free  energy  function  can  be  written  as  a  sum  of  an 
ideal  term,  a  classical  plasma  term,  an  exchange  term 
(ideal  electron  gas)  and  a  quantum  (diffraction) 
correction  term : 

F  =  Fo  +  Fc  +  F^^  +  Fq  ■  (7) 

The  ionization  rate  of  the  plasma  which  is  defined  by  ; 

X  =  — (8) 

PHe+  +  PHe++  Pi 


drr 


El 

i=i  i=: 


VI  r  Sk 

2pJ  (27r)3 


+ 


is  determined  by  solving  the  following  equation ; 


(9) 


In  Fig.  1,  we  plot  the  ionization  rate  x  versus  total  ionic 
density  pj  for  helium  plasma  at  T=2  10^  K.  The 
interactions  between  the  particles,  when  taken  into 
account,  give  rise  to  a  characteristic  non  monotonic 
behaviour  in  contradistinction  to  the  ideal  Saha  result. 
In  Fig.  2,  detailed  cdntributions  to  the  ionization  rate 
are  shown.  The  upper  Coulomb  curve  is  obtained  when 
we  consider  classical  Coulomb  interaction  between 
charged  particles.  The  two  lower  curves  are  obtained 
when  the  electron-ion  interaction  is  quantum  described. 
The  curve  noted  a=0  corresponds  to  the  case  where  He^ 
ions  are  considered  to  be  point  like  ones  ;  in  this  case 
electron-ion  wave  functions  are  the  hydrogen  like  ones. 
The  curve  noted  a=l  corresponds  to  a  more  accurate 
description  of  the  electron-He^  system  ;  the  wave 
functions  given  by  our  atomic  model  take  into  account 
the  spatial  ion  e.xtent. 

We  note  a  difference  of  appro.ximately  30%  between  the 
upper  and  the  lower  curves. 


r  Figure  2 
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In  the  last  years  a  number  of  papers  has 
appeared  on  the  negative  mobility  (drift  velocity)  of 
electrons  in  low  temperature  plasma  (see  references  in 
[1]).  Now  it  is  known  several  different  physical 
situations  in  which  negative  electron  mobility  was 
investigated;  relaxing  plasmas,  beam  sustained  plasmas 
and  decaying  plasmas. 

In  present  paper  we  have  considered  the 
AriNFs  gas  mixture  under  the  following  initial 
conditions:  equal  concentration  of  electrons  and 
positive  ions  exists  in  the  mixture  and  an  external 
electric  field  is  applied  across  the  plasma.  Such  initial 
conditions  can  be  created  by  short  ionization  pulse.  For 
low  electric  field  strengths  the  rate  of  removal  of 
electrons  by  attachment  processes  exceeds  the  rate  of 
ionization  so  that  the  considered  plasma  decays.  During 
the  decrease  of  the  electron  concentration  the 
deformation  of  the  shape  of  the  electron  energy 
distribution  function  with  respect  to  the  initial  one 
occurs. 

To  calculate  the  electron  concentration,  n(t), 
and  the  shape  of  the  distribution  function  we  solved  a 
Boltzmann  equation  for  F(u,t)  =  n(t)  f(u,t)  with  the 
initial  condition  F(u,0)  =  n(0)  f(u,0),  t  is  the  time  and  u 
is  the  electron  energy.  An  appropriate  Boltzmann 
equation  can  be  written  in  the  form 

rdF 

^|u —  =  Ij^+St(F). 
dt  ^ 

Ie  describes  the  divergence  of  the  flux  of  electrons 
along  the  energy  axis  driven  by  the  electric  field,  St(F) 
is  the  rate  of  change  of  the  distribution  function  F(u) 
due  to  elastic  and  inelastic  collision  processes,  f(u,t)  is 
the  normalized  electron  energy  distribution  function 
(NEEDF); 


The  following  collision  processes  were  taken  into 
account;  elastic  scattering  of  electrons  on  Ar  atoms, 
excitation  of  electronic  levels  of  Ar  and  attachment  of 
electrons  to  NF3  molecules.  Figure  1  shows  the 
momentum  transfer  cross  section  of  Ar  [2]  (  Q^,)  and 
attachment  cross  section  [3]  (Qa).  We  have  neglected 
electron-electron  and  electron-ion  collisions  as  well  as 


0.1  1.0  10.0 
u,  eV 

Fig.  1:  Momentum  transfer  cross  section  of  Ar  and 
attachment  cross  section  of  NF3 


All  calculations  were  carried  out  for  gas 
temperature  T=300  K  and  at  atmospheric  pressure.  The 
initial  function  f(u,0)  was  considered  as  a  Maxwellian 
one  with  the  given  temperature  Tjo- 

Calculations  showed  that  during  the  decay  of 
electron  concentration  the  steady  distribution  function 
f(u)  is  fonned  and  the  decrease  of  electron 
concentration  becomes  exponential.  In  other  words, 
after  some  time  F(u,t)  becomes  a  self-similar  function 
in  which  tlie  time  and  energy  dependence  are 
factorized: 


F(u,t)  =  n(t)f(u),  where  n(t)  ~  exp(-vt). 

The  decay  frequency  v  corresponds  to  the  attachment 
frequency.  For  a  given  E/N  value  f(u)  and  v  does  not 
depend  on  the  initial  conditions  (Teo). 

Figures  2  and  3  show  the  established  NEEDF 
and  drift  velocity  as  a  function  of  the  electric  field 


strength.  We  can  note  an  increase  of  drift  velocift'  in 
the  range  of  E/N  from  1.  10'^^  V  cm^  to  3.2  10"^^  V 
cm^,  followed  by  an  abrupt  transition  from  from  a 
positive  value  at  3.2  10'^^  V  cm^  to  a  negative  one  at 
3.8  10’^®  V  cm^  .  From  3.8  10'^^  V  cm^  to  3.  10"^^ 


V  cm2  velocity  is  negative  and  equal  to  -3.0  10^ 
cm  s'^.  Finally,  the  drift  velocity  increases  again  for 
E/N  >3.  lO'l' Vcm2. 
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u,  eV 

Fig.  2  Established  NEEDF  in  decaying  plasmas 
At  :  NF3  =  100  :  1. 

1  -  E/N  =  10'^*  V  cm2  2  -  E/N  =  3.2  lO'^*  V  cm^, 
3  -  E/N  =  3.8  10'^*  V  cm2,  4  .  g/N  =  10‘^2  y  cm2, 
5  -  E/N  =  3.10‘^2  V  cm2,  5  -  E/N  =  10"^^  V  cm2. 


Fig.  3  Established  electron  drift  velocity  as  a  function 
of  E/N  in  decaying  Ar  :  NF3  plasmas.  1-  1%  NF3,  2- 
0.5%  NF3. 

Before  the  explanation  of  these  results  let  us 
point  out  that  for  tlie  existence  of  negative  electron 
mobility  two  conditions  are  necessary  (but  not 
sufficient)  (see,  for  example,  [1]):  a)  the  first  derivative 
of  f(u)  must  be  positive  (  df(u)/du  >  0  )  in  some  energy 
interval;  b)  d(ln(Qj^))/du>l,  which  means  a  fast 
growth  of  Qm(u)  with  u.  For  Ar  condition  b)  is  satisfied 
between  0.5  and  10  eV  (see  fig.  1). 

Unusual  dependence  of  drift  velocity  on  the 
electric  field,  presented  in  figure  3,  is  due  to  the  shape 


of  attachment  cross  section.  To  understand  better  the 
problem,  let  us  denote  as  Ujjj  the  energy  at  which  the 
attachment  cross  section  has  a  maximum.  The 
momentum  transfer  cross  section  of  Ar  for  u>Ujjj  is 
greater  than  for  u<Ujjj.  The  electrons  in  plasmas  can  be 
divided  in  two  groups  ;  the  first  group  contains 
electrons  with  energies  u<Uj^  and  the  second  group 
contains  electrons  with  energies  u>Ujji.  The  electron 
heating  by  the  electric  field  can  be  considered  as  the 
driving  force  for  the  diffusion  in  the  energy  space.  For 
moderate  electric  fields,  the  intensity  of  this  difiusion  is 
not  sufficient  to  overcome  the  attachment  cross  section 
barrier.  As  a  result,  each  group  of  electrons  "has  its 
own  life".  At  the  early  time  the  concentrations  of 
electrons  of  each  group  are  defined  by  f(u,0).  During 
plasma  decay,  the  electron  concentration  is  decreasing 
and  the  shape  of  steady  state  NEEDF  depends  on  the 
ratio  of  the  decay  rates  of  each  electron  group.  If  the 
electric  field  is  weak,  the  electrons  with  low  energies 
disappear  with  relatively  slow  rate,  since  the 
attachment  cross  section  is  small  at  low  energies. 
Electrons  of  the  second  group  lose  energy  in  elastic 
collisions  and  disappear  quickly  because  of  a  large 
attachment  cross  section  at  energies  lower  than  3.5  eV. 
As  a  result,  NEEDF  presents  a  monotonic  decrease  as  a 
function  of  enerw.  The  corresponding  NEEDF  for 
E/N=10’^*  V  cm2  and  E/N=3.2  lO’^^  V  cm2  gre 
shown  in  figure  2  (curves  1  and  2).  The  increase  of  the 
electric  field  strength  leads  to  an  increase  of  the  mean 
energy.  Attachment  rate  of  electrons  of  the  first  group 
increases,  since  the  attachment  cross  section  grows 
with  energy.  For  values  of  E/N  in  the  range  3.2  10"^® 
V  cm2 .33  V  cm2  ^le  decay  rates  of  electrons 
of  both  groups  are  approximately  equal.  If  the  value  of 
E/N  parameter  is  greater  than  3.8  10"*^  V  cm2, 
electrons  of  the  first  group  disappear  more  quickly  than 
the  electrons  of  the  second  group.  As  a  result,  the 
NEEDF  with  a  maximum  at  energies  4  eV  -  5  eV  is 
formed  (see  curves  3,  4,  5  in  figure  2).  The 
corresponding  electron  drift  velocity  becomes  negative. 
With  the  further  increase  of  the  electric  field,  electrons 
of  the  first  group  get  enough  energy  (during  their 
lifetime)  to  overcome  the  attachment  barrier  in  the 
energy  space.  In  this  case  slightly  inverted  (or  non- 
invcrted)  NEEDF  is  formed  (curves  5,  6  in  figure  2) 
and  the  corresponding  drift  velocity  is  positive. 
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1.  Introduction 

In  a  recent  paper  [1]  we  have  reviewed  the  literature 
concerning  the  transport  properties  of  high  temperature 
gases.  We  present  here  collision  integrals  and  transport 
coefficients  of  high  temperature  air  species  (in  particular 
of  nitrogen)  including  diffusion  and  viscosity  collision 
integrals  QO.  s),  translational  (X,tr)  and  internal 
thermal  conductivity  together  with  total  thermal 
conductivity  (Xt),  viscosity  (ii)  and  diffusion 
coefficients  (D). 

In  this  work  we  will  also  try  to  establish  the  accuracy 
of  the  calculated  values  comparing  our  results  with  the 
recent  ones  on  the  subject  reported  by  the  Ames  group 
[2],  by  Murphy  [3],  by  Ryabov  [4]  as  well  as  with 
available  experimental  data. 

2.  Collision  integrals 

Accurate  calculations  of  transport  coefficients  can  be 
obtained  once  the  collision  integrals  of  the  different 
interactions  are  known  [5].  Performing  three 
integrations  we  obtain  the  collision  integrals  as  a 
function  of  temperature  (T) 

Q(W(r)  =  ((j  +  i)!(^rr^)'' 

1) 

The  problem  of  calculating  fid-  «)  reduces  to  the 
knowledge  of  the  interaction  potential  V(r).  For  many 
interactions  (Morse,  exponential  repulsive,  Ar‘"  forms) 
the  collision  integrals  are  tabulated  so  that  the 
knowledge  of  relevant  parameters  is  sufficient  to  obtain 
the  collision  integrals.  For  other  important  interactions 
(electron-atom,  electron-molecule,  resonant  charge 
transfer)  the  diffusion  cross  section  Qd)  is  introduced 
directly  in  the  integral  of  eq.  1.  From  collision  integrals 
the  calculation  of  transport  coefficients  is 
straightforward  [5]. 

A  special  treatment  of  the  contribution  of  electronic 
energy  to  the  transport  of  internal  energy  is  being 
considered  to  take  into  account  the  dramatic  increase  of 
the  transport  cross-sections  of  high  lying  excited  states 
with  the  principal  quantum  number. 

3.  Main  interactions 

In  a  high  temperature  environment  different  species  can 
survive  depending  on  the  considered  temperature  range. 
As  an  example  an  atmospheric  nitrogen  plasma  shows 
the  following  equilibria 

N2  2N  5000<T<10000  K 

N  N+  +  e-  10000<T<20000  K 


N+  N++  +  e-  20000<T<30000  K 
N++  N+++  -I-  e-  30000<T<35000  K 

This  means  that  we  pass  from  a  low  temperature 
system,  where  molecules  and  atoms  coexist,  to  a  high 
temperature  one,  where  electrons,  atoms  and  parent  ions 
survive,  ending  to  a  temperature  range  in  which  only 
ions  and  electrons  exist. 

3.1  Dissociation  range 

N2-N2,  N2-N 

For  these  interactions  we  use  an  exponential  repulsive 
potential  the  parameters  of  which  are  taken  from  the 
experimental  beam  studies  of  Leonas  [6].  The  choice  of 
repulsive  potential  for  this  interaction  can  be  open  to 
some  question  at  low  and  intermediate  temperature 
T<2000K  when  attractive  forces  dominate  the 
interaction.  In  this  case  a  Lennard-Jones  potential  has 
been  introduced  to  get  a  better  agreement  with 
experimental  data. 


Temperature  (K) 

Fig.l  Q(2.2)  collision  integral  for  N2-N2  interaction  as 
a  function  of  temperature. 

A  sample  of  results  for  N2-N2  reported  in  fig.  1  shows 
an  abrupt  change  in  the  slope  due  to  the  interplay  of  the 
different  potentials.  The  present  calculations  are  in 
satisfactorily  agreement  with  experimental  results. 

A  similar  situation  is  found  for  N-N2  also  in  relation 
with  the  experimental  diffusion  coefficient  [7]. 

N-N 

The  two  N('^S)  atoms  can  interact  over  4  potential 
curves,  the  collision  integrals  have  been  obtained  by 
using  a  Morse  potential  for  the  interactions  [8] 

and  an  exponential  repulsive  potential  for  [9].  The 
collision  integrals  of  multi-potential  interaction  is  an 
average  of  the  different  potentials.  A  comparison  of  the 
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present  results  with  those  of  Ames'group  shows  a 
satisfactory  agreement  in  the  temperature  range  2000- 
20000  K  in  which  N  atoms  are  the  predominant  species. 
At  low  temperature  T<1000  K  a  Lennard-Jones 
potential  is  also  used. 

3.2  Partial  ionization  range 

Ion-parent  atom 
N-N+ 

The  diffusion  type  collision  integral  is  dominated  by 
charge  exchange  process  while  the  viscosity  type 
collision  integral  is  dominated  by  valence  forces,  even 
though  at  low  temperature  polarizability  forces  should 
be  taken  into  account.  The  interaction  of  ground  state 
atoms  N(‘*S)/N'''(^P)  occurs  through  12  potential 
curves.  A  comparison  of  our  results  with  those 
calculated  by  Ames'group  shows  a  satisfactory 
agreement  (differences  below  15%)  in  the  temperature 
range  50(X)-20000K  where  the  concentration  of  these 
species  can  be  important.  Larger  differences  (up  to  35%) 
are  observed  outside  this  temperatme  range  when  N-N"*" 
species  should  not  be  important. 

The  diffusion  collision  integrals  have  been  obtained  by 
the  usual  approximation  on  the  diffusion  aoss  section 
(Q*)  dominated  by  charge  transfer  (the  experimental 
charge  transfer  measurements  of  Belyaev  [10]  are  used). 
A  comparison  of  the  present  calculations  and  the 
theoretical  ones  of  Ames'group  shows  differences  not 
exceeding  8%. 

N2-N2'*’,  N2-N+ 

Diffusion  type  collision  integrals  for  this  interaction 
have  been  calculated  by  using  the  momentum  transfer 
cross  sections  of  Phelps  [11]  which  include  both 
resonant  charge  transfer  cross  sections  and  polarizability 
correction  at  low  energy. 

3.3  Electron  neutral  interaction 


e-N2,  e-N 

The  integrals  calculated  are  given  in  this  case  by 

m+i)  1 


Q’\T)  = 


(A  +  l)!(2/-i-l-(-l)')  2KT 


3) 


Where  and  are  the  momentum  transfer  (1=1) 
and  transport  (1=2)  cross  sections  respectively.  As 
regards  nitrogen  molecules,  we  have  used  the 
momentum  transfer  cross  section  reported  by  Phelps  and 
Pitchford  [12].  To  calculate  we  have  corrected  for 
the  ratio  o(2)/0(l)  expressed  in  terms  of  the  coefficients 
of  the  differential  cross  section  development  into 
spherical  harmonics.  In  the  case  of  e-N,  the  momentum 
transfer  cross  section  is  the  same  used  by  Capitelli  and 
Devoto  [8].  In  this  case  we  have  corrected  for  the  ratio 
o(2)/o(l)  by  using  phase  shifts  according  to 


where  the  phase  shifts  5n  as  a  function  of  e  are 
interpolated  from  the  set  calculated  by  Thompson  [13]. 

3.4  Ion-ion  and  electron-electron 

In  this  case  we  can  use  a  screened  Coulomb  potential. 
Collision  integrals  for  this  interaction  are  known  either 
in  tabular  [14]  or  in  approximated  closed  forms  [15]. 

4.  Conclusions 

We  present  results  of  calculations  of  collision  integrals 
and  transport  coefficients  of  air  components  in  the 
temperature  range  50-1000()0K  emphasising  the  degree 
of  confidence  of  the  results. 
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Low-temperature  and  low-pressure  plasmas,  virtu¬ 
ally  in  local  thermodynamical  equilibrium,  are  of 
interest  from  the  fundamental  scientfic  point  of  view 
and  from  that  of  technical  applications.  The  knowl¬ 
edge  of  basic  parameters,  such  as  the  number  densi¬ 
ties  of  the  constituents  present  or  the  transport  coef¬ 
ficients,  as  functions  of  pressure  and  temperature  of 
the  system  is  of  great  interest  in  dealing  with  these 
plasmas. 

The  object  studied  in  the  present  paper  is  the  argon 
plasma  contaminated  by  20%  of  chlorine.  It  is  taken 
that  the  plasma  is  kept  under  a  constant  pressure 
(0.1  kPa  and  l.OibPa),  and  at  a  constant  temperar 
ture,  varying  between  500 /f  and  5000  Ff.  The  con¬ 
siderations  are  based  on  two  essential  items:  (1)  the 
assumption  that  the  plasma  is  Maxwellian  (temper¬ 
atures  of  all  the  constituents  are  equal)  [1]  and  that 
the  thermal  ionization  is  the  most  significant  mech¬ 
anism  determining  the  final  degree  of  ionization;  (2) 
use  is  made  (in  conjuction)  with  Saha  relations)  of  a 
modified  expression  for  the  effective  t)ebye  radius  of 
plasma  (and  for  the  ensuing  ionization  energy  lower¬ 
ing)  as  derived  by  the  same  authors  previously  [2,3]. 
The  equilibrium  plasma  composition,  i.e.  the  num¬ 
ber  densities  of  its  various  constituents,  is  deter¬ 
mined  in  the  present  work  by  numerical  methods, 
under  the  assumption  that,  in  the  temperature  ran¬ 
ge  considered,  the  species  present  are:  e.  C/a,  Ar, 
Cl,  CI2,  Ar'^  and  C/"*".  The  standard  procedure  of 
using  the  Saha  equations  and  equations  of  the  law  of 
mass  action  for  the  process  dissociation,  combined 
with  the  requirements  of  charge  conservation  and 
pressure  constancy,  is  applied.  The  new  detedl  in 
the  evaluation  of  the  plasma  composition  is  that, 
in  determining  the  modified  Debye  radius,  the  Lan¬ 
dau  length  was  used  as  the  cut-off  range  rather  than 
ionic  radii.  This  alteration  in  the  calculation  proce¬ 
dure  did  not  bring  about  any  significant  change  in 
the  final  numerical  results  for  transport  coefficients, 
in  spite  of  the  fact  that  the  Landau  length  was  found 
to  be  about  one  order  of  magnitude  larger. 

Tables  1.  and  2.  show  that  dependence  of  the  eval¬ 
uated  number  densities  of  various  constituents  on 
temeperature  for  pressures  0.1  kPa  and  l.OArPa,  re¬ 


spectively.  It  is  seen  that  in  the  mixtures  of  argon 
and  chlorine  under  the  above  conditions  many  dif¬ 
ferent  ionic  and  neutral  particles  can  exist  and  tbe 
electron  and  ion  number  densities  tend  to  increase 
with  temperature,  which  is  an  easily  comprehensible 
feature.  The  relation  between  the  ionization  ener¬ 
gies  and  the  relation  between  the  dissociation  ener¬ 
gies  of  the  species  present  is  the  factor  of  the  pri¬ 
mary  significance  in  determining  the  above  plasma 
properties.  The  energy  of  the  first  ionization  of  the 
chlorine  (12.97  eV)  is  1.21  times  smaller  than  that 
of  the  argon  (15.75  eV);  the  energy  of  the  dissocia¬ 
tion  chlorine  molecule  (2.50  eV)  is  1.61  times  smaller 
than  that  of  Cl^  (4.03  eV).  On  the  other  hand,  the 
energy  of  the  first  ionization  of  chlorine  is  1.13  times 
higher  than  that  of  the  chlorine  molecule. 

Table  1. 


T{K)  p  =  lOOPo 


n(m-3) 

1000 

3000 

5000 

«e 

6.310-® 

2.6-10*3 

8.8-10*2 

«Ar+ 

9.3-10-*® 

1.2-10*® 

3.0-10*® 

”CJ+ 

4.9-10-*'* 

2.6-10*3 

8.5-10*2 

”c/+ 

6.3-10-® 

1.8-10*° 

2.2-10*2 

nci 

3.8-102® 

4.9-102* 

4.9-102* 

nch 

4.6-102* 

5.1-10*®  . 

2.1-10*® 

rtAr 

2.0-1023 

2.0-1023 

2.0-1023 

Table  2. 

TiK) 

p  =  lOOOPa 

n(m-3) 

1000 

3000 

5000 

ne 

2.0-10-® 

8.3-10*3 

2.8-10*3 

nAr+ 

2.9-10-*® 

3.9-10*° 

9.6-10*® 

nc{+ 

4.9-10-*^ 

8.2-10*3 

2.7-10*3 

”CJ+ 

2.1-10-® 

5.7-10** 

7.1-10*3 

nci 

1.2-102* 

4.9-1022 

4.9-1022 

nch 

4.8-1022 

5.1-10*3 

2.1-10*2 

tlAr 

2.0-1023 

2.0-1023 

2.0-1023 
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An  inspection  of  Tables  1.  and  2.  further  discloses 
that  the  increase  of  pressure  raises  the  number  den¬ 
sities  of  all  the  relevant  constituents,  the  raise  being 
obviously  more  noticeable  in  the  neutrals.  All  these 
details  are  easily  recognizable  features  of  the  Saha 
equation.  It  is  very  interesting  the  fact  that  the 
ratio  of  the  electron  number  densities  is  about  3. 
The  number  density  of  chlorine  ions  is  equal  in  the 
both  cases  (100  Pa  and  1  kPa)  for  the  temperature 
around  1000 /f.  At  higher  temperatures,  if  the  pres¬ 
sure  10  times  higher  is,  the  ratio  ncj+(P2)/«cj+(Pi) 
is  about  3.  The  ratio  of  the  chlorine  ions  was  found 
veiry  from  3.16  to  10.  At  lower  temperatures  the 
ionization  of  chlorine  is  not  massive  and  practiceJy 
argon  is  very  small  ionized.  At  relatively  higher  tem¬ 
peratures  the  electron  number  density  values  is  sim¬ 
ilar  to  values  of  ncj+ ,  confirming  that  all  electrons 
arise  in  the  first  ionization  of  chlorine.  The  presence 
of  chlorine  brings  enhancement  in  the  values  of  the 
electron  number  density  in  this  temperature  range 
from  500  K  to  5000  K.  The  overall  degree  of  ion¬ 
ization  is  very  small  and  this  quantity  is  very  little 
sensitive  to  pressure  variations.  All  these  details  are 
easily  recognizable  features  of  the  Saha  equation. 

Table  3. 


p=100Po 

p—  IkPa 

T{K) 

II .  ( 

... 

500 

1.9-103 

5.6-10-3 

i.9-io3 

5.6-10-3 

1500 

5.9-10° 

1.7-10-'* 

7.3-10-* 

2.1-10-3 

2500 

4.8-10° 

1.4- lO""* 

4.8-10-* 

1.4-10-3 

3500 

4.5-10° 

1.3-10-“ 

4.5-10-* 

1.3-10-3 

4500 

4.4-10° 

1.2-10-“ 

4.4-10-* 

1.3-10-3 

The  evaluation  of  the  transport  coefficients  under 
the  above  conditions  is  based  on  the  expression  given 
by  [4].  The  same  authors  these  quantities  in  plasmas 
of  noble-gas  with  alkaline  additives  were  evaluated 
previously  [5,6]  eind  in  this  case  was  used  seime  pro¬ 
cedure,  but  first  time  ion  mobility  was  calculated. 
For  example,  the  values  of  electron  and  ion  mobili¬ 
ties  in  argon  plasma  with  20%  chlorine  as  additive 
are  given  in  Table  3.  The  electron  mobility  for  the 
higher  pressure  is  10  times  smaller,  than  the  corre¬ 
sponding  quantity  at  the  seime  temperature  for  the 
pressure  0.1  kPa.  It  is  seen  that  the  ion  mobility  in 
argon  plasma  with  chlorine  as  additive  is  than  the 
electron  mobilty  for  four  order  of  magnitude  lower. 

It  is  to  be  concluded  from  all  that  was  smd  above 
that  in  the  low-pressure  and  low-temperature  ther¬ 
mal  argon  plasmas  with  chlorine  as  additive,  the  re¬ 
lations  between  the  ionization  energies  of  the  atomic 


species  present  (neutral  atoms,  singly  charged  ions 
and  molecules)  is  by  far  the  significant  physical  fac¬ 
tor  in  determining  the  plasma  composition  and  its 
transport  coefficients. 
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The  phenomenon  of  secondary  electron  emission 
from  the  surface  under  the  action  of  a  primary  particle 
(photon,  ion,  excited  atom,  etc.)  plays  an  important 
role  in  gas  discharge  physics.  This  role  is  reflected  in 
the  theory  by  the  effective  secondary  emission 
coefficient  (ESEC)  y :  the  number  of  electrons  leaving 
the  cathode  surface  per  impinging  primary  particle 
[1,2].  In  a  high  density  gas  y  grows  with  E!  p  at 
low  E!  p  values  (where  E  is  the  electric  field  and  p 
is  a  gas  pressure),  and  reaches  a  constant  value  at  high 
E! p  [2-5].  The  mechanism  responsible  for  this 
dependence  is  a  reflection  of  a  part  of  the  secondary 
electrons  from  the  gas  atoms  back  to  the  cathode 
surface  [1], 

In  this  report  we  find  an  expression  for  ESEC 
based  on  a  kinetic  approach.  We  consider  a  typical 
case,  when  the  voltage  across  the  gap  significantly 
exceeds  the  excitation/ionization  potential  of  the  gas 
atoms  (compare  with  Ref  [6]).  We  limit  our 
consideration  to  a  weakly  ionized  noble  gas  under 
conditions  when  the  electron  mean  free  path  A,  is 
small  compared  to  the  scale-length  {  of  the  problem, 
and  electric  field  E  is  uniform  and  directed  normally  to 
the  surface,  (compare  with  Refs.  [6,7]).  We  assume, 
that  the  electric  field  is  strong  enough  so  that  one  can 
neglect  the  energy  exchange  between  electrons  and 
heavy  particles  in  elastic  collisions.  Since  the  value  of 
ESEC  involves  electron  dynamics,  its  value  will  be 
different  in  the  stationary  and  non-stationary  cases.  We 
will  assume  that  the  electric  field  is  constant.  Electron 
dynamics  in  a  gas  does  not  depend  on  the  specific 
source  of  secondary  electrons  (ions,  photons,  etc.),  and 
the  resulting  expressions  can  be  applied  to  any  of  these 
sources.  However,  to  be  specific  we  will  consider  only 
one  such  a  source  -  their  liberation  from  the  surface  by 
the  action  of  ions. 

We  consider  a  planar  anode-cathode  gap  of  width 
L  and  direct  the  Z-axis  normally  to  the  cathode,  so 
that  the  electric  field  is  anti-parallel  to  the  axis,  and  we 
also  choose  z  =  0  at  the  cathode.  As  was  already 
mentioned  we  consider  herein  the  case  of  a  high 
density  gas  or  weak  electric  field,  so  that  the  kinetic 
energy  that  the  electron  gains  between  two  collisions 
is  small  compared  to  its  kinetic  energy,  eEX^  «  W . 
In  this  case  the  electron  distribution  function  (EVDF) 
is  almost  isotropic  at  distances  from  the  electrode 
exceeding  a  few  A,  and  can  be  represented  as 

/(r,v,r)  =  /o(z,t/,f)+  (1) 


with  and  G  is  the  angle 

between  the  velocity  vector  and  the  Z-axis.. 

The  electron  density  and  electron  current  are 
related  to  /g  and  respectively: 


n,  =  471- j,  =  -ej u^5f  d^u  =  ^^t?gdv 

It  is  convenient  to  choose  new  independent  variables 
(z,s,6,t)  instead  of  (z,y,9,t),  where 

e  =  mtP-  n-eEz,  (2) 

is  the  total  electron  energy,  E  =  \E^  —  —E^.  In  these 
variables  functions  /o(e,z,t)  and  ^{e,z,9,t)  satisfy 
the  following  equations  [8] 


^  =  -g(z,£,Ocos0 
V,r  dz 


(3) 

(4) 

(5) 


where  v{z,e)  according  to  Eq.  (2),  v„.  =  7/cr^t'  is 


the  electron  collision  frequency,  0,^  is  the  electron- 
atom  momentum  transfer  cross-section,  and  C,;(/o)  is 
an  inelastic  collision  term.  According  to  Eq.(2)  £  >  0 
at  2  =  0,  so  that  £>0  is  a  necessary  condition  for 
electrons  to  return  to  the  cathode,  and  for  evaluating 
ESEC  we  need  to  know  the  electron  distribution 
function  only  in  the  energy  range  e  >  0. 

The  inelastic  collision  term  C,/(/o)  consists  of 
two  parts:  the  scattering-"ouf'  of  an  element  {dr,  dy) 
of  a  phase  space  ("sink"  term)  and  scattering-"into"  the 
element  {dr,  dy).  Due  to  a  large  difference  in  masses 
of  electrons  and  the  background  gas  atoms,  electrons 
do  not  change  energy  in  elastic  collisions.  On  the 
other  hand,  the  energy  change  in  inelastic  collision  is 
at  least  IV„,  where  is  the  excitation  threshold. 
According  to  a  common  situation  in  noble  gases  we 
assume  that  the  excitation  threshold  is  higher  than  the 
maximum  energy  of  secondary  electrons  near  the 
surface  Wjn3j^,[9].  Thus  after  one  inelastic  collision  the 
electron  leaves  the  initial  energy  range  0  <  £  < 
(energy  becomes  negative  and  electron  leaves  the 
region  within  which  it  could  return  to  the  cathode),  so 
that  the  scattering-"into"  term  is  absent  in  this  energy 
range,  and  for  C,-;(/o)  we  can  write: 

Wo)  =  -v„{d)fo  (6) 

where  Vii{u)  =  Nv{'^a^{d)  +  (Ji{dy)  is  the  energy 

k 

dependent  fipequency  of  inelastic  collisions;  is 
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an  excitation  cross-section,  and  C7,(t')  is  the  ionization 
cross-section. 

The  absence  of  the  scattering-"in"  term  allows  one 
to  consider  the  EVDF  and  “differential  ESEC” 
/(%,£)  independently  for  every  energy  layer 
Then,  integrating  /(%,£)  over  the 
energy  spectrum  of  emitted  electrons  we  can  find  the 
ESEC. 

To  find  /(%,£)  we  assume  that  all  electrons  at 
the  cathode  have  the  energy  e  =  Hg .  Then  the 
stationary  solution  of  Eq.  (3)  (with  positive  energy) 
differs  from  zero  only  at  the  energy  equal  to  the  initial 
energy  of  electrons,  e  =  VTg : 

/o(z,e)  =  F(z)S(e  -  %)  =  F(z)S(W-  eEz  -  %).  (7) 
where  F{z)  satisfies  the  following  equation 

(8) 

2>v  dz  v,^  dz 

Here  is  a  function  of  Z  given  by  Eq.  (2)  with 
e  =  H'o ,  and  v,-, ( v)  =  v,, ( W)  =  v,, (W^+eEz).  Since 
'^max  ^ex  >  inelastic  collision  can  occur  only 

beyond  certain  distances  from  the  cathode  Z/(Wq): 

z,{Wo)  =  (W,,-WQ)leE,  (9) 

after  the  electron  gains  enough  energy  to  excite  atoms, 

sofoT  Z<Z,{Wq),  Vi,(u)  =  0. 

We  assume  that  the  electric  field  El  p  is  not  very 
strong,  so  that  after  an  electron  reaches  the  excitation 
threshold  it  does  not  gain  much  energy  before  it 
undergoes  an  inelastic  collision.  In  this  case  for  Vji{F) 
above  the  threshold  ( z  >  Z/(Wo))  we  can  use 
Vi,(F)=  v;,(W,,)(z-z,)eEiz,)  ,W>W„  (10) 

where  "prime"  means  the  "energy  derivative".  Using 
Eq.  (10)  we  obtain  for  F(z)  in  the  region  'z  S  Z/(Wg) 

F  Sv  v'l 

~={z-z,)-^eE{z,)F  (11) 

where  we  denoted  =  2  m . 

For  an  isotropic  distribution  of  secondary 
electrons  and  not  very  high  electric  fields,  El  p«X, 
where  X  =  ( /  e)a„  ( )  x  3 .53  x  1 0‘®  ( V  /  cmTorr) , 
we  fmd  for  y( W(,,E): 


"  mu 

fW=  \y{W^,X)dW^. 


y(Wo,X)  =  G(Wg)y, 


X  X 

l  +  wa  — 

X  ^  X 


where  G(lVg)y,-  is  a  vacuum  differential  secondary 
emission  coefficient,  w  =  Wg  /  ,  and  X  s  El  p. 

The  function  y/(,w)  and  coefficient  (X  are 

a,l(  f’, 

and  can  be  tabulated  for  every  noble  gas. 

Integrating  Eq.(12)  over  Wg,  we  find  ESEC  as  a 
function  of  electric  field. 


Equations  (12)  and  (13)  represent  the  main  result  of 
this  report. 

For  specific  examples  we  choose 
G(Wo)  =  llW^  for  Wg<W„„,  andC(Wg)  =  0  for 
Wg  >  .  Then  for  a  narrow  distribution  of  emitted 

electrons  (Xe-like  case)  Eqs.(12)  and  (13)  give 

fiEI  p)  =  iYil  pw^)lnO  +  Pw^),  (14) 

where 

For  a  wide  distribution  of  emitted  electrons  (He-like 
case)  we  obtain 

P(X)  =  -21-r4^l'''lnL^f4:f1=  (16) 

«vv^UJ  V  yx) 


xjf  xl_ 

The  plots  of  y(Elp)lyi,  for  different  gases  and 
experimental  data  of  D.Felsh  and  P.Pech  [3],  are 
presented  in  the  Figure  below. 


— p—  He,  WmaxstOeV 
T  -  Ne,  Wmax=1  OeV 

. Ar,  Wmax=1eV 

- Kr,  Wmax=0.3eV 

. Xe,  Wmax=0.3eV 

— B—  Ar,  Felsch  &  Pech  [5] 


1  '°E/p,  V/(anTorr)  ’0° 

Fig.  y{Elp)lyi,  vs.  £/;?  for  different  gases. 
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Sub-  to  supersonic  streaming  of  ions  towards  the  cathode  in  a 
beam-generated  plasma  model 

Tor  Eldevik  and  Alf  H.  0ien 

Department  of  Applied  Mathematics,  University  of  Bergen,  Allegt.  55,  5007  Bergen,  Norway 


1.  Introduction 

The  streaming  of  ions  towards  the  cathode  is  studied  for 
a  steady  state  beam-generated  plasma  model.  The  flow 
model  may  have  relevance  to  certain  plasma  devices.  The 
ionizing  beam  electrons  stream  from  the  cathode  towards 
the  anode  along  a  strong  magnetic  field  on  a  background 
of  neutral  particles  and  bulk-  electrons  and  ions.  The 
plasma  in  the  cathode-anode  ionizing  range  consists  of  at 
least  two  regions  that  influence  the  ion-fluid  motion:  An 
outer  region  where  the  ions  are  accelerated  under 
influence  of  a  quasineutral  electric  field,  pressure 
gradients  and  collisions,  and  a  sheath  region  close  to  the 
cathode  where  the  self-consistent  electric  field  is 
dominating.  A  smooth  transition  between  these  regions 
assumes  that  a  Bohm-criterium  [1]  is  fulfilled;  The  ions 
have  to  be  supersonic  when  entering  the  sheath  region. 
In  the  model  presented  a  pressure  gradient  due  to 
temperature  drop  of  ions  towards  the  cathode  is  necessary 
for  the  sub-  to  supersonic  transition  of  ion  flow.  Under 
such  an  assumption  smooth  solutions  of  the  governing 
equations  can  be  followed  from  the  outer  region  and 
through  the  sheath  region  all  the  way  to  the  cathode. 
The  sub-  to  supersonic  transition  solution  is  found 
using  a  technique  due  to  Bilicki  et.  al.,  [2]. 

2.  Basic  model  and  equations 

2.1  Particle  conservation  equations,  outer 
region 

The  model  has  been  set  up  to  describe  in  particular  the 
ion  flow  in  the  ‘ionizing’  region  where  all  charged 
particles  predominately  flow  along  magnetic  field  lines 
of  constant  length  L,  connecting  the  cathode  and  the 
anode.  A  one-dimensional  model  is  therefore  possible. 
We  introduce  characteristic  scales  and  use  non- 
dimensional  variables  for  convenience: 

X  =  i<  Pa  ^  = 

Here  is  the  ion-acoustic  speed,  arc 

collision  frequencies  and  a  characteristic  plasma 

density.  The  beam-,  the  bulk-electron-  and  the  ion-fluid, 
indexes  ‘b',  ‘e'  and  ‘i’  respectively,  are  assumed  to  obey 
the  following  particle  conservation  equations  [3]: 


-  -  IhqOijqLPijUi, 

ax 

■■  ~  ^Q^hO^Ph’^h 
ax 

Subscript  ‘0’  refers  to  the  neutral  background.  The 
model  assumes  that  beam  electrons  experience  only 
ionizing  collision  with  the  background.  The  result  of 
one  such  collision  is  modeled  as  the  loss  of  one  electron 
from  the  beam  and  the  gain  of  two  electrons  and  one  ion 
for  the  plasma. 


2.2  Momentum  and  energy  equations,  outer 
region 

In  the  outer  region  an  overall  charge  neutrality  is 
assumed,  together  with  a  negligible  beam  density 
compared  to  the  bulk  densities  so  that  p,  =  p,  =  p .  Due 
to  its  high  kinetic  energy,  the  beam  may  be  considered 
cold  and  the  conservation  of  beam  momentum  reduces  to 

dx  dx 

The  timescale  of  the  bulk  electron  motion  is 
infinitesimal  compared  with  the  timescale  of  motion  of 
the  heavy  ions.  They  instantly  adjust  to  their 
environment  of  ions.  We  therefore  neglect  the 
acceleration  term  and  set  their  temperature  to  be 
constant.  The  momentum  conservation  of  bulk  electrons 
then  states  that 

dx  dx  ntj 

r„=  p„«„,  a-b\  '  e'  andT  are  the  particle  fluxes 
from  the  particle  conservation  equations.  The  heavy  ions 
are  accelerated,  and  are  generally  assumed  to  have  a 
temperature  gradient, 

du:  dp  do  dr, 

pu: — -  +  ri—  +  p - +  p — 

dx  dx  dx  dx 

=  -  r./o  -  (T,  -  r,)4. 

Without  an  ion  temperature  gradient  in  this  model  it  can 
be  shown  that  the  ion-streaming  towards  the  cathode 
will  not  pass  through  the  sonic  point.  To  demonstrate 
the  transition  from  sub-to  supersonic  streaming  of  ions 
we  here  for  simplicity  use  the  temperature  gradient  from 
classical  heat  conduction,  and  hence  use 


.  5/2 


dT, 


*  —  Ct 


where 


dx 

is  a  constant 


determined  by  the  (ion) 


temperature  difference  between  the  cathode  and  the  anode. 
With  this  equation  we  have  a  closed  set  of  equations  for 
M,  .  p,  <I>  and  Xj .  The  set  of  equations  may  be  put  on  the 
general  form 
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A(y)^  =  b(;c,y) 
ax 


and  the  components  of  b  are  given  by  the  right  hand 
sides  of  the  equations  for  particle  conservation  of  ions, 
momentum  conservation  of  bulk  electrons  and  ions,  and 
the  ion  temperature  equation,  respectively. 

From  Cramer’s  rule,  the  gradients  are 
dyj  N^{x,y) 

dx  A(y) 

where  A(y)is  the  determinant  of  A  and  Nj(x,y)  are 
similar  determinants  except  that  vector  b  replaces  the 
i’th  column.  The  system  of  equations  is  singular  when 
A(y)  =  -P^(m3  where  =  ^l  +  rj  ,  equals 


zero,  i.e.  at  the  sonic  velocity.  For  solutions  to  pass 
through  this  velocity  also  all  Nj  must  be  zero  there.  The 
equations  may  be  transformed  into  an  autonomous  form 
of  5  equations  of  5  unknowns  (x,y)  by  introducing  a 


new  independent  variable  /,  setting 

dt  dt  dx  dt  ' 


A  closer  study  [2]  of  solutions  of  these  5  equations  in 
the  neighborhood  of  the  above  singularity,  which  is  an 
equilibrium  in  the  (x,y) -space,  reveals  the  equilibrium 
is  a  saddle  point  in  a  two-dimensional  subset  of  the  5 
dimensional  (x,y) -space.  Two  solutions  pass  exactly 
through  the  equilibrium,  one  from  sub-  to  supersonic 
velocity,  and  one  from  super-  to  subsonic  velocity. 


2.3  Equations,  inner  region  (cathode  sheath) 
The  non-dimensional  variables  are  the  same,  except  that 
the  characteristic  lengthscale  is  changed  from  the  length 
of  the  fieldlines  L  to  the  Debye-length  A^,  the 
lengthscale  of  the  sheath.  The  mean  free  path  of  the 
particles  in  the  model  is  much  larger  than  Ap.  Hence 
one  may  assume  that  no  collisions  take  place  here.  The 
particle  flow  is  cold.  In  this  regime  all  the  unknowns  are 
functions  of  the  electrical  potential  <I>  only,  and  the 
problem  reduces  to  solving  one  implicit  integral 
equation  in  <I>  as  a  function  of  the  new  independent 
variable  ^  =  -^. 


Background  gas  was  assumed  to  be  Hydrogen.  Values  in 
the  numerical  experiment  were  set  to  «o  =  10'®ffi"\ 
”/>/  “  =  1  o’’  =  3  •  lO’ m  /  ^,  L  =  40m , 

(I)^  =  lOOV,  T,  =  lOeV,  =  leV .  Subscript  ‘A’ 

denotes  anode.  The  collision  cross  sections  used  are 
a<,o  =0.53■10■^^n^  (T,o  =9.5-10'“m^  and 

(Tjo  =20.0T0”^°m",  and  a  classical  electron-ion 
collision  frequency  was  assumed.  Fig.  1  shows  the  ion 
flow  in  the  outer  region,  while  Fig.2  shows  the 
transition  from  sub-  to  supersonic  flow.  The  transition 
takes  place  at  s,  =  1 .99cm  =  261 rather  close  to  the 
cathode  sheath  in  the  outer  region.  The  sheath  extends 
approximately  lOA^  from  the  cathode.  The  smooth 
curves  are  the  physically  acceptable  ones.  A  non¬ 
physical  (dashed)  branch  of  flow  is  also  shown. 


Fig.l.  Ion  flow  in  outer  region.  Cathode  at  left. 


Fig.2.  Ion  flow  close  to  the  cathode  sheath.  Cathode  at 
left. 


3.  Solutions 


4.  References 


In  the  cathode  sheath  the  solutions  should  fulfill  the 
boundary  conditions  =  u^^.,  Pb  =  Pbc-  4>  =  <J>^.  at 
^  =  0 .  Subscript  ‘c’  refers  to  cathode  values,  assumed 
known  quantities.  As  these  solutions  should 

match  solutions  at  x=0  from  the  outer  region.  Outer 
region  solutions  must  be  properly  tuned  and  meet 
conditions  also  at  the  anode. 
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The  effect  of  reflection  of  fast  electrons  from  the  anode: 
Monte  Carlo  simulation  of  low  current  discharges  at  very  high  E/N 

Vladimir  D.  Stojanovic  and  Zoran  Lj.  Petrovic 

Institute  of  Physics,  University  of  Belgrade,  POB  57,  11001  Belgrade,  Yugoslavia 


1.  Introduction 

A  Monte  Carlo  (MC)  simulation  code  based  on  the 
null  collision  technique,  suitable  for  following  the 
electron  motion  in  a  steady  state  homogeneous 
electric  field  E  in  rarefied  gases  including  the  effect 
of  the  boundaries  is  developed  and  tested. 

In  this  paper  we  study  the  effect  of  electron 
reflection  and  backscattering  from  the  anode 
surface.  This  effect  is  represented  by  experimental 
data  for  reflection  coefficient,  secondary  electron 
production,  for  energy  distribution  of  reflected  and 
secondary  particles  and  for  angular  distribution. 

2.  Monte  Carlo  simulation  code 

MC  code  consists  of  a  null  collision  procedure  for 
determining  the  time  of  next  collision.  Moment  of 
electron  scattering  is  determined  from  the  total 
cross  section.  Differential  cross  sections  are  used 
to  determine  the  angle  of  scattering.  In  our 
procedure  the  differential  cross  section  is  therefore 
effectively  normaUzed  to  the  total  cross  section. 
Differential  cross  sections  are  taken  from 
experimental  and  theoretical  data  in  the  literature 
and  defined  in  up  to  70  different  energy  segments 
for  each  process.  Attention  is  payed  to  maintain 
the  momentum  transfer  cross  section  in  agreement 
with  the  standard  swarm  derived  cross  section  sets. 

Electrons  hitting  the  anode  may  be  either  absorbed, 
or  reflected  with  the  loss  of  energy  according  to  the 
available  experimental  data.  In  addition  secondary 
electrons  may  be  produced.  The  angular 
distribution  of  backscattered  particles  can  be 
defined  as  well. 

We  sample  excitation  as  well  as  ionization  events  in 
small  spatial  bins.  Contributions  of  direct  and  back 
scattered  electrons  are  separated.  We  also  sample 
flux  and  energy  of  particles  at  fixed  positions  in  the 
gap  including  the  surface  of  the  anode  which  we 
use  to  determine  the  electron  energy  distribution 
functions  (EEDF).  These  energy  distribution 
functions  are  relevant  for  experiments  that  sample 
the  EEDF  through  a  hole  in  the  anode  [1],  but  are 
not  real  EEDF  of  electrons  in  the  discharge.  Such 


EEDF  can  be  sampled  by  freezing  the  swarm  of 
electrons  at  a  fixed  time  and  taking  all  the  energies. 
We  also  sample  directions  of  particles  hitting  the 
electrode. 

The  basic  reason  for  developing  the  code  was  to 
model  the  experimental  data  of  Phelps  and 
coworkers  [2-4]  which  are  mainly  the  data  for  the 
spatial  distribution  of  emission. 

Data  for  the  reflection  coefficients  were  taken  from 
[5]  for  graphite,  [6]  for  stainless  steel  and  [7]  for 
gold.  Energy  distribution  of  backscattered  particles 
was  taken  from  the  experiments  of  Gergely  et  al.  [8] 
and  the  probabihty  of  secondary  electron 
production  from  [9]. 

3.  Results 

3.1  Models  of  backscattering 


d{cm) 


Fig.  1  Spatial  profile  of  emission  for  E/N=69  kTd 
(E=1398  V/cm,  p=58  mTorr)  with  contribution  of 
direct  (d)  electrons  and  the  total  emission  including 
the  effect  of  backscattered  electrons  with  cosine 
(cos)  and  distribution  along  the  field  axis  (z). 
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In  Figure  1  we  show  the  effect  of  selecting 
the  cosine  distribution  of  backscattered  particles  by 
showing  the  results  for  simulated  spatial  profiles  of 
emission  of  the  first  negative  band  (1)  of  nitrogen 
at  69  kTd.  In  those  calculations  we  have  assumed 
that  the  electrons  are  backscattered  with  triangular 
energy  profile  between  0.6  and  1  of  the  incoming 
energy,  peaking  at  0.95.  There  is  small  but 
observable  difference  between  such  distribution  and 
triangular  distribution  from  0.8  to  1  peaking  at  0.9 
and  a  model  where  all  electrons  are  backscattered 
with  the  all  available  energy. 

3.2  Comparison  with  experimental  data 

In  Fig.  2  we  show  the  predicted  and 
experimental  data  for  absolute  spatial  emission 
profile  for  the  second  positive  band  (2^)  of 


Fig.  2  Spatial  profile  of  second  positive  band 
emission  at  6.3  kTd  (E=189  V/cm,  p=91  mTorr). 
Experimental  data  are  shown  as  points,  contribution 
of  direct  electrons  is  denoted  by  (d),  contribution  of 
fast  neutrals  by  (n),  contribution  of  back  scattered 
electrons  with  cosine  distribution  by  (b).  Total 
predicted  emission  is  denoted  by  "sum"  and  shown 
as  a  solid  hne. 

nitrogen  obtained  at  69  kTd.  The  Monte  Carlo 
results  are  in  excellent  agreement  with  the 
experiment.  Close  to  the  anode  back  scattered 
electrons  make  a  significant  contribution  to  the 
profile.  Monte  Carlo  simulation  predicts  the  shape 
close  to  the  anode  very  well  and  overall  agreement 
is  excellent. 
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The  problem  of  potential  wells  and  re¬ 
verse  electric  fields  existence  in  striations  has 
been  discussed  in  a  lot  of  works  (see  [1]  and 
references  to  it).  It  was  shown  in  [2]  that  a  lot  of 
reports  about  reverse  fields  in  striations  are  the 
consequence  of  experimental  errors  connected 
with  using  of  stationary  probe  for  the  measure¬ 
ments  of  plasma  potential  dependence  along  the 
discharge  axis.  The  movement  of  kinetic  stria¬ 
tions  through  the  anode  region  results  in  plasma 
potential  oscillations  as  a  whole  with  respect  to 
anode  with  striations  frequency.  If  one  does  not 
take  into  account  these  oscillations  and  defines 
the  plasma  potential  axis  dependence  from  its 
time  dependence  he  will  observe  illusory  poten¬ 
tial  wells.  The  electron  distribution  functions 
(EDF),  measured  in  these  “wells”  don’t  reveal 
any  features. 

It  was  experimentally  proved  in  present 
work  that  potential  wells  in  striations  in  the 
positive  column  of  rare  gases  don’t  exist,  at 


P-striations  (2).  Wells  qre  dashed. 
X=0  -  the  coordinate  of  the  anode. 


least  under  experimental  conditions 
(p  »  1  -e-  5  torr  i  «  5  -r-  30  mA).  But  we 
have  discovered  that  for  certain  time  intervals 
there  are  potential  axis  profiles  with  wells  of  not 
large  depth  Eg  »  1  eV  adjoining  to  the  anode. 
The  examples  of  such  potential  profiles  for  P- 
and  S-striations  in  the  neon  DC  discharge  are 
shown  in- Fig.  1.  There  is  a  strong  correlation 
between  the  existence  of  potential  wells  and 
EDF  measured.  The  distribution  functions 
measured  in  the  real  wells  differ  sharply  from 
the  ones  measured  outside  the  wells  by  the  exis¬ 
tence  of  strongly  expressed  peak  in  the  range  of 
slow  electrons  with  the  energy  less  than  the 
depth  of  a  well.  In  Fig.2  the  EDF  measured  in  P- 
striations  at  the  different  distances  from  the  an¬ 
ode  for  the  curve  2  in  Fig.l  are  shown.  It  is 
clearly  seen  that  EDF  within  the  well  is  shrinked 
to  the  range  of  small  energies  and  if  one  goes 
away  from  the  anode  the  amplitude  of  slow 
electrons  peak  increases  is  in  a  good 


w,  eV 


Fig.2.  EDF  measured  in  the  near-anode  region 
for  P-striation. 
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firstly,  reaches  the  maximum  value  in  the  middle 
of  the  well  and  then  decreases.  When  we  pass 
through  the  boundary  of  the  well  the  EDF  form 
changes  strongly,  the  slow  electrons  peak  disap¬ 
pears  and  EDF  becomes  typical  for  P-strata  in 
the  positive  column. 

The  problem  of  EDF  formation  in  the 
potential  fields  with  wells  has  been  solved  by 
means  of  the  division  of  electrons  into  two  al¬ 
most  independent  groups;  trapped  (s  <  Sg)  and 
free  (s  >  e^)  [3],  where  8^  is  the  depth  of  the 
well.  Note  that  fluid  approach  cannot  explain  the 
existence  of  these  two  groups  of  bulk  electrons. 
The  distribution  function  for  trapped  electrons 
was  found  on  the  base  of  one-dimensional  ki¬ 
netic  equation  in  variables  of  s  -  total  energy 
(kinetic  plus  potential)  and  coordinate  x  [3],  If 
the  energy  relaxation  length  with  respect  to 
elastic  and  electron-electron  collision  is  greater 
than  well  size  one  can  assume  that  EDF  for 
trapped  electrons  f^{e,x)  depends  on  s  only. 
In  this  case  it  is  possible  to  make  an  averaging 
of  kinetic  equation  on  coordinate  x  and  find 
that  maxwellian  expression  for  EDF  is  valid 


/o‘(s) 


Diso)  ' 


f 

exp 

V 


-  1 


f 

»  const  ■  exp 

V 


(2) 


The  value  of  can  be  found  from  the  integral 
energy  balance  for  the  trapped  electrons 

H*  +  H;  -  -  Ht  -H:  =0  (3) 

where  H‘  -  describes  the  heating  of  trapped 
electron  by  means  of  inelastic  collisions  of  free 
electrons  with  s  >  Sj  and  thus  arising  a  slow 
electrons  with  energies  s  -  s^,  H*  -  the  heat¬ 
ing  due  to  cooling  of  free  electrons  in  collisions 
with  trapped  ones,  -  the  flux  of  electron 
energy  out  of  boundaries  of  the  well  due  to  col¬ 
lisions  with  atoms  having  non  zero  temperature 

T^;  -  the  diffusion  cooling  due  to  electron- 

electron  collisions  within  the  well,  -  de¬ 
scribes  the  energy  exchange  of  trapped  electrons 
in  the  elastic  collisions  with  atoms,  in  the  well 
volume.  The  calculated  value  of  «  0.35  eV 


qualitative  agreement  with  experimental  one 
-0.3  eV. 

The  joint  consideration  of  the  equations 
of  particle  balance  and  energy  balance  for  the 
trapped  electrons  has  allowed  to  find  the  density 

n‘  and  temperature  of  trapped  electrons  by 

means  of  density  n’  and  mean  energy  of  free 
electrons  and  therefore  to  calculate  consistent 
EDF  in  the  whole  range  of  energies.  The  values 

of  n‘/n'  a;  2.6  and  «  0.38  eV  obtained 
from  two  balance  equations  are  in  a  good 
agreement  with  experimental  data.  In  Fig. 3  the 
comparison  of  EDF  theoretically  calculated  for 
trapped  and  free  electrons  (solid)  with  the  ex¬ 
perimental  function  (dots)  is  shown. 


Fig. 3.  EDF  measured  (dots)  and  calculated 
(solid)  for  the  potential  profile  with  well. 
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The  possibility  of  oscillating  fast-moving 
electrons  escaped  from  cathode-reflectors  in  the 
Penning  cell  was  first  mentioned  in  [1].  In  [2]  it  is 
confumed  by  the  calcxilations  of  the  mechanical 
properties  of  fast-moving  electrons  in  the  two- 
dimensional  Penning  cell,  but  the  mechanism  of  losing 
oscillating  electrons  out  of  the  cell  and  its  dependence 
on  the  magnetic  fields  induction  value  B  and  the  anode 
voltage  V.  were  not  studied  in  [2].  But  it  is  this 
mechanism  that  determines  the  main  characteristic  of 
the  Penning  discharge  in  a  weak  magnetic  field,  vdien 
the  electron  mean  free  path  length  exceeds  the  cell  size 
and  is  comparable  with  the  path  length  of  oscillating 
fast-moving  electrons  [3],  Carrying  out  such 
investigations  is  the  purpose  of  this  work. 

To  do  this,  the  electron  motion  in  the  three- 
dimensional  Penning  cell  was  calculated  and  the 
tnijectories  of  r,  z,  coordinates  were  studied.  The 
beginning  of  the  rectangtxlar  or  cylindrical  system  of 
coordinates  (x,  y,  z  or  r,  z,  <p  )  was  chosen  in  the  cente 
of  the  cathode-reflector.  The  anode  was  used  in  the 
fonn  of  the  cylinder  of  the  radius  R«  and  the  length  L* 
closed  from  the  faces  with  cathode-reflectors  at  zero 
potencial.  The  homogeneous  magnetic  field  of  the 
inductions  is  directed  along  the  cell  axis  [4]. 

In  very  weak  magnetic  fields  the  electrons  do 
not  seem  to  oscillate  and  after  escq>ing  the  cathode 
they  fall  on  the  anode.  The  increase  in  B  changes  the 
trajectory  to  a  greater  extent  and  the  electron  fallen 
within  the  opposite  cathode  can  be  reflected  from  it 
This  hq>pens  at  some  BcmO.0075  T.  In  the  magnetic 
field  B>BeT  at  the  same  value  of  V„  fast-moving 
electrons  can  already  be  reflected  from  ar^  cathode 
and  oscillate.  The  electrons  esc^ed  out  of  the  cell 
move  in  the  direction  of  cathodes.  There  are  electrons 
which  riKJve  to  a  definite  moment  (point  A  )  along 
some  curve  (1  to  3)  and  after  that  they  come  back 
practically  along  the  same  curve  (Figl).  Fig  2  ^ws 
the  trajectory  of  the  electron  which  falls  on  the 
opposite  cathode  (1  to  5  regions).  This  curve  is 
symmetrical  relative  to  the  cell  symmetry  axis,  hi 
changing  &x>m  one  curve  to  another  with  increasing  B, 
the  conditions  of  the  electron  motion  change  and 
electron  performs  different  nunfber  of  oscillations  N  at 
different  values  of  B.  This  continues  up  to  some 
maximal  value  of  magnetic  field  induction  (Fig3, 
B~0.035  T).  The  dependence  of  the  nuither  N  of 
electron  oscillatiora  on  B  ia  the  result  of  studying  a 
large  number  of  electron  tngectories  uoderitbe  same 


initial  conditions  (the  distance  from  the  axis  z  to  the 
point  of  csc^ign  the  cathode,  the  initial  kinetic  energy 
Wo).  An  oscillation  was  determined  as  the  reflection 
from  one  of  the  cathode.  In  this  case  the  dQicndence 
N(B)  can  be  constructed  (Fig 3).  The  latter  makes  it 
possible  to  see  the  areas  of  magnetic  field  induction 
values  B,  where  fast-moving  electrons  perform  a  large 
number  of  oscillations,  which  increases  the  probabilify 
of  their  ionizing  the  neutral  particles  of  a  discharge 
gap,  and  the  intervals  B  ,  v^ere  fast-moving  electrons 
are  easily  lost  from  a  discharge  (N— >0).  Proceeding 
from  this,  in  the  places  of  minima  a  Fast  loss  of 
electrons  from  a  cell  must  cause  the  discharge 
extinction.  To  chich  this  assumption  the  ejqperiment 
was  made  and  the  curve  of  the  Penning  discharge 
ignition  were  taken  And  indeed,  in  the  area 
corresponding  to  deep  minima  in  the  dependence  N(B), 
the  decrease  in  the  discharge  current  up  to  zero  is 
observed,  i.  e.  the  magnetic  field  B*  was  found  when 
the  discharge  doesn't  bum,  but  it  bums  at  Bi  and  B2 
withBi<B*<B2. 

With  further  increasing  the  induction  value  of 
the  magnetic  field  B  and  leaving  the  oscilMion 
maxiinum  region,  from  motion  tr^ectories  one  can  see 
that  the  fast-moving  electroru  formed  on  one  of  the 
cathodes,  fall  on  another  one  withoii  oscillations.  R 
was  experimentally  observed  that  in  large  ma^ietic 
fields  the  discharge  didn't  ignite  until  another 
mechanism  of  upkeeping  the  discharge,  a  magnetronic 
one  had  started. 

Thus,  the  oscillations  of  fast-moving  electrons 
start  at  exceeding  the  magnetic  induction  B  of  some 
critical  value  Ba.  fri  large  B>Ba  there  are  a  number  of 
maxima  and  minima  in  the  dependence  N(B),  and  in  this 
case  the  mechanism  of  losing  fast-moving  electrons 
resides  in  falling  electrons  on  one  of  the  cathodes 
according  to  the  curves  shown  in  Figs.  I  and  2.  Rather 
incioase  in  magnetiic  field  leads  to  cessatim  of 
oscillations  so  that  an  electron  from  one  cathode, 
passing  over  a  cell,  falls  on  the  opposite  one.  The  main 
results  following  from  the  calculatioru  are 
experimentally  confirmed  by  the  form  of  the  curve  of 
igniting  the  Penning  dischage  in  the  weak  magnetic 

fields  B^Ber 
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V,=^00  V;  B-0.021  T,  Wo-2.15  cV;  R.-0.009  m; 
D=0.0<iin 

1  to  3  i»  the  sequence  of  trajectory  lengths  to  the 
return  point  A 

Figl 


z,  m 


V,=^00  V;  B=O.016  T;  Wo=2.15  eV;  R,=0.009  m; 
I>K).04m 

1  to  5  is  the  sequence  of  trajectory  lengths  portions 
after  each  rcflction. 

Fi&2 


B.T 


V.-^OO  V;  Wo-2. 1 5  eV;  R.-0.009  m;  L-0.04  m 
Fig3 
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g.,  using  the  well  known  Lindhard  dielectric  func¬ 
tion  means  to  assume  an  infinitely  weak  damp¬ 
ing.  Attempts  to  generalize  the  Lindhard  ap¬ 
proach  to  finite  and  fc-dependent  damping  lead  to 
series  conceptual  problems  concerning  sum-rules 
and  the  static  long  wavelength  limit  [3]. 


Abstract 

Starting  from  a  Green’s  function  (GF)  approach, 
the  one-particle  spectral  function  and  the  dy¬ 
namical  screening  are  calculated  in  a  fully  self- 
consistent  RPA  scheme.  It  is  shown,  that  a 
quasi-particle  approximation  cannot  adequately 
describe  the  corresponding  features  of  a  plasma. 

Introduction 

Within  the  last  years  a  microscopic  description 
of  many-particle  systems  under  the  influence  of 
external  fields  has  become  more  and  more  a  chal¬ 
lenging  topic  in  physics[l].  Especially  nonequi¬ 
librium  phenomena  play  an  important  role  nowa¬ 
days.  In  the  field  of  plasma  physics  it  would  be 
interesting  to  discuss  pulse  propagation  in  dense 
plasmas  together  with  the  interactions  of  pho¬ 
tons  and  particles  or  particles  which  each  other. 
Bound  and  scattering  states  are  influenced  by  the 
field  of  the  photons.  A  consistent  description  of 
all  the  resulting  dynamic  effects  within  an  ion¬ 
ization  kinetics  is  very  difficult  and  -  without 
knowing  the  equilibrium  properties  of  a  plasma 
in  detail-  surely  not  possible[4] . 

The  goal  of  this  article  is  to  discuss  the 
one-particle  properties  in  RPA.  Whereas  self¬ 
energy  determines  the  one-particle  properties, 
the  screening  of  the  interaction  is  given  by  the 
polarization  function.  Both  quantities  can  be  ex¬ 
pressed  by  vertex  functions,  and  the  lowest  or¬ 
der  approximation  in  this  connection  is  the  RPA. 
Strictly  speaking  vertex  corrections  had  to  be  con¬ 
sidered  beyond  RPA  due  to  the  Ward  identity [2]. 
However,  in  the  regarded  parameter  region  our 
numerical  studies  show  that  such  vertex  correc¬ 
tions  are  very  small  and  contribute  less  than  one 
percent  to  the  RPA  expressions.  It  is  impor¬ 
tant  that  both  the  damping  of  the  one-particle 
states,  which  are  determined  by  the  dynamically 
screened  Coulomb  potential,  and  the  polarization 
function,  which  governs  the  screening  and  itself 
is  defined  by  the  electronic  properties,  are  calcu¬ 
lated  self-consistently. 

Especially  the  one-particle  damping  is  a  crucial 
quantity  for  it  and  determines  beside  others  e. 
g.  the  dephasing  of  a  coherent  polarization  -  the 
so-called  T2  -time  -  in  the  plasma  induced  by 
an  external  laser  field.  Generally  a  wavevector 
(k-)  and  frequency  (w-)  dependent  one-particle 
damping  has  to  be  considered  in ,  this  connec¬ 
tion.  In  many  publications  a  damping  being  k- 
dependent  only  or  even  constant  is  discussed.  E. 


The  one-particle  spectral  function 

We  start  from  the  one-particle  Dyson  equation  of 
sort  a  on  the  double  time  contour[l]: 

G-i(l,2)  =  Go-;i(l,2)-E4l,2)  (1) 


where  Gg  ^  and  denote  the  inverse  GF  of  free 
particles  and  the  self-energy,  respectively.  After 
Fourier  transform  one  obtains  for  the  retarded  GF 


GT{k,u,) 


(2) 


where 

Taik,  ui)  =  E^(k,  uj)  -  Y,<(ik,  u)  =  -2  IrnTTfik,  w) 

(3) 

is  the  damping  and 

aa{k,uj)  =  G>(^,w)  -  G<(£,w)  =  -2ImG''f{k,ui) 

(4) 

is  the  spectral  function.  The  correlation  func¬ 
tions  are  given  as 


G<  =  aa(^,w)/^(w), 


(5) 


> 

where  correspond  to  the  Fermi  function  fa 
according  to  />  =  1  —  fa  and  f^  =  fa-  The 
scattering  rates  are  to  be  computed  from 

E<(k,a;)=  /  +  c), 

J  (27rj 

(6) 

where  the  screened  potential  propagators  are 
given  by 

V:a^ik,u;)  =  n<{w)V^a{k,w),  (7) 

and  the  following  notations  for  the  Bose  function 
rig  =  1  +  ng ,  rig  =  nB  are  used. 

Vaa  ia  (7)  is  the  spectral  part  of  the  screened 
Coulomb  potential.  It  can  be  expressed  by  the 
retarded  quantity, 

=  v^>ik,u)-v^<{k,ui) 

=  -2ImVl'r\k,w),  (8) 

from  which  the  polarization  function  H^  comes 
into  play  using  the  ’’optical  theorem” 

ImVl'r\k,  w)  =  I ‘^)  r  uj).  (9) 

The  RPA-polarization  function  on  the  Keldysh 
contour  reads 


na(l,2)  =  47re^Ga(l,2)Ga(2,l).  (10) 
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The  spectral  part  of  the  polarization  function 
Ila  is  connected  with  the  retarded  polarization 
function  11^^*  via 

n<,(fc,tu)  =nQ(fc,w)  -na(fe,a;)  =  -2  Imll'^*{k,w), 

(11) 

and  the  dielectric  function  is  defined  from  11^®* 

by 

e(fc,a;)  =  1  -  ^  a;),  (12) 


where  Vaa  denotes  the  bare  Coulomb  potential. 

We  reformulate  these  equations  by  straightfor¬ 
ward  manipulations  in  order,  to  solve  them  nu¬ 
merically  by  iteration.  Using  (6)  -  (9)  and  (12) 
we  obtain  the  damping  as 


ra(k,  w) 


nB(0)  -|-  /a(ti^  +  O) 


xaa(k +  q,w +  Q)Vaa(^^rn[€(q,Q)]  ‘.  (13) 


Using  the  Kramers-Kronig  relation  the  real  part 
of  the  retarded  one-particle  self-energy  is 
given  by 


d  fl  ra(k,fl) 

2  jr  oj  —  f2  ’ 


(14) 


where  P  f  denotes  a  Cauchy-type  principle  value 
integral.  After  this  the  spectral  function  a  a  fol¬ 
lows  from  eq.  (4)  as 

\  ra(k,u/) 

aa{k,u!)  =  - ^ ^ — 5 - - - . 

(a;-^-fleES®'(fc,u;))  +lr|(fe,a,) 

(15) 

The  retarded  polarization  function  is  obtained 
using  eqs.  (5)  and  (10)  as  the  convolution  of  the 
spectral  function 


n„  (k,u;)  J  (2^)3  Stt  J_ 


d  U>2 


xaa{q,u}i)aa{q  +  k,u)2) 


faj^l)  -  fai^2) 


U) 


■  U!l  —  U!2  +  iS 


(16) 


We  start  with  the  free-particle  approximation,  i. 
e.  1  iS  — i  0,  for  the  spectral  function 

(15)  and  the  retarded  polarization  (16),  leading  in 
eq.  (12)  to  the  Lindhard  dielectric  function.  Us¬ 
ing  these  expressions  in  eqs.  (13)  -  (16)  we  obtain 
in  the  next  iteration  step  the  retarded  self-energy, 
spectral  function,  polarization  function,  and  from 
(12)  the  dielectric  function.  Since  the  spectral 
function  is  modified  in  each  iteration  step,  the 
chemical  potential  is  to  be  corrected  in  the  end  of 
each  cycle  to  reproduce  the  correct  particle  den¬ 
sity  via  ; 


na(/Jc,/3)  ■ 


f°°  d  UJ  f  q  /  rr\ 


Moreover,  after  each  iteration  we  checked  the 
sum  rules  and  the  static  long  wavelength  limit 
and  found  them  fulfilled  within  the  limit  of  nu¬ 
merical  accuracy. 

As  result  a  k-  and  w-dependent  damping  result¬ 
ing  in  a  broadened  spectral  function  of  the  elec¬ 
trons  is  obtained.  The  w-dependence  of  the  spec¬ 
tral  function  switches  from  a  structure  with  three 
maxima  after  first  iteration  to  a  structure  with 


u>-dependence  of  the  spectral  function  during  sev¬ 
eral  steps  of  iteration  (zero  of  the  frequency  axis 
denotes  the  particle  dispersion;  electron  density 
n  =  10^°  cm  temparature  T  =  2  x  10^  K,  non¬ 
ideality  7  =  0.5  [5]). 

one  maximum[6] .  During  the  iteration  procedure 
spectral  weight  is  redistributed  little  by  little,  so 
that  the  spectral  function  in  the  end  gets  a  shape 
which  is  neither  a  Gaussian  nor  a  Lorentzian. 

As  a  further  consequence  of  this  broadening  the 
polarization  function  is  smoothed  in  comparison 
with  the  Lindhard  expressions,  and  the  real  part 
of  the  polarization  function  reproduces  the  sta¬ 
tic  limit  within  the  frame  of  numerical  accuracy. 
Furthermore,  sharp  plasmon  satellites  seen  in  the 
first  step,  dissappear  in  the  course  of  iteration. 
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Introduction 

The  pulsed  discharges  in  molecular  nitrogen  are 
widely  used  in  technological  processes.  For 
optimization  of  work  of  technological  setup  the 
problems  on  investigation  vibrational  kinetics  and 
heating  of  N2  are  raised. 

In  present  paper  the  measurements  of  the 
vibrational  populations  of  the  ground  state  of  N2  for 
levels  v=0-5  (VP)  and  growth  of  the  gas  temperature 
Tg  as  a  function  of  time  were  carried  out  by  coherent 
anti-Stokes  Raman  scattaring  spectroscopy  (CARS) 
and  optical  interferometry  in  the  pure  molecular 
nitrogen  in  the  pulsed  discharge  and  its  afterglow. 
From  comparing  of  experimental  and  numerical  data 
of  the  VP  the  summary  cross  section  ci5;=Sciv  (the 
sum  of  first  eight  cross  sections  cTv  of  the  vibrational 
excitation  of  molecules  by  electrons)  and  the  value  of 

W-exchange  rate  constant  Kg°  was  determined. 
Also  the  value  of  associative  ionization  rate  constant 
of  atoms  in  the  metastable  states  N(^P)  and  N(^D) 
was  appreciated.  Using  received  value  of  <j£,  from 
existing  models  suggested  for  calculation  W- 
exchange  rate  constants  the  model  was  determined, 
which  allows  satisfactorily  to  fit  results  of  calculation 
of  the  time  variations  of  Tg  to  our  experinlental  data. 

Experiment 

In  experiments  two  types  of  discharge  were  used. 
The  first  type  of  the  pulsed  discharge  was  created 
between  metal  plates  positioned  inside  dielectric  cell. 
The  metal  plates  were  spaced  at  distance  1  cm.  The 
gas  pressure  was  equal  to  115  Torr.  The  value  E/N 
(£  is  electrical  field,  N  is  the  molecules 
concentration)  during  discharge  early  phase 
development  varied  between  180  and  200  Td.  The 
duration  of  the  discharge  was  40  ns,  which  was 
calculated  from  half-height  of  the  current  pulse.  The 
current  reached  1.5  kA  at  maximum.  Once  pulse  of 
current  has  been  ended  the  value  E/N  became  equal 
10  Td  at  the  stage  of  afterglow  for  a  time  20  ps.  In 
the  experiment  the  values  of  the  VP  and  rotational 
temperature  were  measured  by  means  of  CARS 
spectroscopy.  The  pulsed  CARS-spectrometer  has 
been  described  in  more  detail  in  [1].  The  rotational 
temperature  obtained  in  the  range  delays  from  50  ns 
to  20  ps  from  the  beginning  of  current  pulse  was 
equal  to  320±30  K  and  for  considered  above 
pressure  it  was  identified  with  that  ,of  gas.  The 
second  type  of  the  pulsed  discharge  was  created 


inside  a  quartz  tube  with  inner  diameter  3.6  cm.  The 
length  of  the  discharge  zone  was  about  35.5  cm.  The 
gas  pressure  was  equal  to  6  Tor.  The  value  E/N  was 
about  20  -  30  Td.  The  current  was  1  A  at  maximum. 
The  time  variations  of  Tg  was  measured  using 
method  of  the  optical  interferometry  based  on 
photoelectric  detection  space  displacement  of  the 
interferometric  bands  in  the  range  delays  from  100 
ps  to  2  ms  from  the  beginning  of  current  pulse.  The 
two  -  wave  interferometer  used  in  experiments  has 
been  described  in  more  detail  in  [2].  Measured 
growth  of  Tg  and  concentration  electrons  Ne  as  a 
function  of  time  are  presented  in  Fig.l. 


Fig.l 

Theory 

The  following  kinds  of  the  particles  were  included 
into  the  equations  for  the  concentrations  to  describe 
the  main  elementary  processes  taking  place  in  N2 
during  discharge  and  its  afterglow:  nitrogen 
molecules  in  the  ground  state  (the  number  of 
vibrational  levels  are  46;  level  v=47  is  proposed  the 
level  of  dissociation  by  the  vibrational  excitation) 
and  also  in  the  electronically  excited  states  A^Z^ , 
B^Og,  C’n„,  B’^Z  -  ,  a’'Z ;;  ,  W^A^,  a'Hg,  w'A„;  the 
atoms  in  the  ground  state  ‘*S  and  in  the  excited  states 
^P,  ^D;  the  ions  N+,N*,N^,N  +  and  electrons.  The 
list  of  the  processes  which  were  included  into  the 
equation  describing  time  variations  of  Tg  is  given 
below:  the  elastic  impacts  of  electrons  on  atoms  and 
molecules;  the  rotational  excitation  molecules  by 
electrons  followed  by  rotationally  -  translational 
relaxation;  vibrationally  -  vibrational  (V-V) 
relaxation  molecules  on  molecules;  vibrationally  - 
translational  (V-T)  relaxation  molecules  on 
molecules  and  atoms;  the  diffusion  of  the 
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vibrationally  and  electonically  excited  molecules  to 
the  walls  with  their  following  desactivation; 
quenching  of  electronically  excited  state  [3]; 
heat  removal  from  volume.  The  Boltzmann  equation 
for  the  electron  energy  distribution  function  (EEDF) 
was  solved  to  determine  the  values  of  rate  constants 
for  the  dissociative  electron-ion  recombination  and 
for  collisions  between  electrons  and  molecules  with 
consideration  the  main  elementary  processes  which 
are  following:  the  elastic  impacts  of  electrons  on 
atoms  and  molecules;  the  rotational,  vibrational  and 
electronic  levels  of  molecules  excitation  by  electrons; 
dissociation  and  ionization  of  molecules  in  the 
ground  state  in  collisions  with  electrons;  the 
unelastic  and  superelastic  impacts  of  electrons  on 
vibrationally  and  electronically  excited  molecules 
and  atoms;  electron  -  electron  collisions. 

Results  and  discussion 

Simulation  of  the  time  evolution  of  Tg  shows,  that 
in  the  case  of  the  pulsed  discharge  created  in  tube, 
the  vibration  to  translation  energy  exchange  due  to 
V-V  collisions  is  dominant.  As  seen  from  Fig.l,  the 
quantative  agreement  between  experimental  and 
calculated  values  of  Tg  is  achived  by  using  the  W- 
exchange  rate  constants  reduced  in  model  discussed 
in  [4]  for  levels  v>9.  The  experimental  investigation 
and  the  numerical  simulation  of  time  evolution  of  the 
VP  for  above  mentioned  conditions  of  discharge 
created  in  dielectric  cell  has  shown,  that:  the  change 
of  the  VP  for  levels  v=0-5  is  determined  essentially  as 
the  result  of  the  excitation  of  molecules  by  electrons 
in  during  discharge  from  10  ns  to  50  ns;  the  EEDF  is 
markedly  affected  in  owing  to  the  production  of 
atoms  in  the  ground  state  N(‘'S)  and,  in  consequence 
of  this,  the  VP  for  the  five  low  levels  are  influenced 
indirectly.  Fig.2  shows  the  VP  deduced  from  CARS 
spectrum  of  N2  and  the  VP  calculated  for  t=50  ns. 

ln(Nv/N  0) 


Fig.2 

In  early  stage  of  afterglow  discharge  from  60  ns  to 
15  ps  the  change  of  populations  is  caused  primarily 
by  unelastic  and  superelastic  collisions  between 
electrons  and  vibrationally  excited  molecules;  in 
discharge  afterglow  later  16  ps  the  prevailing 
elementary  process  of  redistribution  of  the 
populations  is  W-exchange.  Fig.3  shows  the  VP 
deduced  from  CARS  spectrum  of  N2  and  the  VP 
calculated  for  t=16  ps  (a)  and  t=20  ps  (b). 


0  1  2  3  4  5  V 


From  comparing  of  experimental  and  numerical 
results  were  established,  that:  the  value  of  is 
(10.5±1.2)10  '*  cm^  which  is  in  close  agreement  with 
result  from  [5];  the  proposed  refinement  of  rate 
constant  for  reaction  of  the  associative  ionization 
involving  atoms  of  the  metastable  states  N(^P)  and 
N(^D)  (10''^  cm'Vs)  improves  the  quantitave 

agreement  between  experiment  and  theory;  the 
agreement  between  experimental  and  calculated 
values  of  the  VP  at  20  ps  is  best  accomplished  at 

Ko°=(9+l)10'®  cm'^/s  which  is  equal  to  the  value 

reduced  in  quantum-classical  model  suggested  in  [6]. 
Model  presented  in  [4]  for  calculation  W-exchange 
rate  constants  for  v>9  satisfactorily  fits  results  of 
calculation  of  the  time  variations  of  value  Tg  to  our 
experimental  data. 
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The  investigation  of  physical  processes  in  non¬ 
equilibrium  plasma  of  gas  mixture  is  one  of 
fundamental  directions  of  low  temperature 
weakly  ionized  plasma.  Knowledge  of 
redistribution  degree  of  mixture  components  in 
dependence  of  discharge  parameters  and  time  of 
stationary  establishment  of  mixture  separation 
level  allows  to  understand  many  physical  and 
chemical  processes  and  choose  the  optimal 
regime  of  work  of  apparatus  in  which  the  work 
substance  is  the  gas  mixture.  At  existence  of 
electric  current  in  gas  there  are  the  complicated 
interactions  between  both  free  charge  particles 
between  each  other  and  with  neutral  gas  atoms 
in  ground  and  excitation  states.  In  result  of  this 
interactions  atoms  acquire  the  additional  energy 
and  impulse.  This  fact  can  be  cause  of  complex 
redistribution  of  gas  density  at  electric  current 
flowing.  In  gas  mixture  the  phenomena  are 
complicated  because  of  the  unequal  effect  of  the 
same  forces  on  atoms  and  ions  of  different 
components  of  mixture.  The  next  mechanisms 
lead  to  space  redistribution  of  gas  components 
with  strong  different  masses  and  ionization 
potentials:  1)  transference  the  kinetic  energy 
from  ions  to  gas  atoms;  2)  "ionic  wind";  3) 
termodiffusion;  4)  cataphoresis  and  some  other 
mechanisms.  The  phenomenon  radial  and  axial 
cathaphoresis  is  observed  at  passage  of  a 
electrical  current  to  a  mixture  of  gases  and  it  is 


connected  with  distinction  of  ionization 
potentials  of  a  mixture  components.  Because  of 
it  the  relative  degree  of  ionization  of  weakly 
ionized  component  appears  higher.  It  results  in 
relatively  greater  transfer  of  this  component  in  a 
kind  of  ions  to  cathode  and  walls  discharged 
tube  in  longitudinal  and  radial  electrical  fields 
in  comparison  with  ions  hardly  ionized 
component.  At  walls  and  cathode  tube  ions 
weakly  ionized  component  are  neutralized  and 
create  the  area  with  increased  density  of  atoms 
of  this  component.  As  the  degree  of  ionization 
of  a  impurity  exceeds  a  degree  of  ionization  of  a 
main  gas  up  to  the  several  orders,  the  space 
redistribution  of  the  concentration  of  hardly 
ionized  component  can  be  neglected. 

The  theory  of  radial  and  axial  redistribution  of 
gas  mixture  at  diffusion  regime  was  elaborated. 
In  it  the  problem  about  space  distribution 
degree  of  mixture  concentration  in  dependence 
on  external  parameters  (discharge  current, 
partial  pressure,  gas  temperature)  and  influence 
this  distribution  on  plasma  characteristics  were 
considered.  At  this  point  the  base  gas  is 
considered  as  background,  determined  moving 
the  particles  and  giving  the  inset  to  ionization; 
because  of  small  degree  of  ionization  the  main 
gas  radial  redistribution  can  be  neglected.  The 
electron  temperature  is  considered  constant 
along  section  owing  to  high  electron  heat- 
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conductivity.  In  spite  of  these  assumptions  the 
analytic  solution  of  total  system  of  equations 
was  not  a  success  to  decide.  It  is  necessary  to 
carry  out  the  numerical  calculations.  This 
calculations  give  possibility  to  determine  the 
degree  of  radial  distribution  in  dependence  on 
distance  from  cathode  boundary  of  positive 
column,  that  is  correlation  the  axial  and  radial 
distributions. 

The  space  redistribution  of  components  can  be 
as  useful,  as  harmful  from  the  point  of  view  of 
practical  application  of  such  discharges. 
Therefore  it  is  necessary  to  know  dependence  of 
a  degree  of  redistribution  on  conditions  of 
existence  of  a  ionized  gas:  the  sort  and  structure 
of  gases,  partial  pressure  of  components, 
density  of  a  current,  mass  and  energy  of 
ionization  of  particles,  sizes  of  a  chamber, 
where  plasma  is  created,  and  other.  The  degree 
of  redistribution  of  components  also  depends 
on  a  kind  of  the  discharge,  on  frequency  of  a 
enclosed  electrical  field  (constant,  HF, 
microwave  categories). 

On  the  basis  of  experimental  and  theoretical 
researches  it  is  possible  to  do  next  conclussions. 

1.  Axial  and  radial  redistribution  of 
components  at  passage  of  electrical  current 
through  a  tube  occur  simultaneously,  mutually 
causing  one  another. 

2.  With  growth  of  a  discharge  current  and 
partial  pressure  of  a  main  gas  rate  and  degree  of 
redistribution  are  increased. 

3.  Increase  of  partial  pressure  of  a  admixture 
gas  results  in  decrease  of  a  degree  of 
redistribution. 

4.  The  degree  of  redistribution  under  other 
constant  conditions  inversely  proportional 


depends  on  radius  of  tube  and  temperature  of  a 
gas. 

5.  The  more  difference  of  potentials  of 
ionization  and  masses  of  a  mixture  components, 
the  more  radial  and  longitudinal  redistribution. 

6.  The  establishment  time  of  stationary  state  of 
radial  distribution  was  several  time  less  than  the 
reestablishment  time  of  homogeneous  radial 
distribution  of  mixture  atoms  after  current 
pulse  ending.  The  effective  diffusion  length 
diminished  for  mixture  atoms. 

7.  Rate  and  degree  of  redistribution  can  be 
controlled  by  changing  of  an  external  magnetic 
field. 

8.  It  is  possible  to  control  rate  and  degree  of 
redistribution  of  one  component  by  changing 
percentage  of  atoms  of  the  other  components  in 
a  multicomponent  mixture. 

9.  The  space  redistribution  of  components  of  a 
mixture  at  passage  of  a  electrical  current  can 
occur  because  of  other  physical  reasons  except 
of  a  cathaphoresis  mechanism. 

10.  The  redistribution  of  components  of 
mixtures  in  the  gas  discharge  can  be  used  for 
thin  clearing  of  gases  from  impurity.  This 
method  is  echologically  harmless,  wasteless, 
high  efficient,  relatively  cheap. 

Reliability  of  experimental  results  are  confirmed 
by  independent  optical  and  probe 
measurements  of  radial  distributions  of 
admixture  ions  and  atoms  in  main  and 
metastable  states  and  also  by  comparison  of 
experimental  data  with  results  of  mathematical 
model  of  the  investigated  phenomenon. 
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Integral  Boltzmann  Equation  with  a  Source  Term, 
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1.  Introduction, 

The  jbtegn]  Botzmam  Equation  (IBE)  for  spatial 
and  mergy  distribution  fu^kn  f(r,e)  of  seoondaiy 
electrons  produoed  by  a  high  en^gy  electron  beam 
with  aibhiary  density  distribution  is  treated.  With 
the  help  of  Fourier-Bessel  tnmsfonnation.  Green's 
function  for  IBE  is  found.  Gref's  function  is 
expressed  dirough  the  "^jectral"  fimction  p(v,e) 
which  is  a  univeisal  fimction  for  the  giv^  gas  and  is 
indepeod«it  of  gas  density  and  electron  beam 
imriile.  The  oorrespondoice  betwem  the  distribution 
function  f(r,  e)  nd  spectral  ftmction  p(v,  e)  is 
equivalent  to  the  correqiondaKe  of  the  wave  fimo 
tion  in  quantum  mechanics  in  coordinate  and 
momratum  r^resmtations.  The  developed  theory 
permits  one  to  find  spatial  dspeadenoea  both  of 
secondary  electrons  distribution  fimctkm  and  their 
excitation  rates  in  a  plasma  prodnoed  by  dectron 
beams  in  gases. 


2,  Integral  Btdt^ann  Equatitm. 

The  dectron  beams  widi  oiergy  in  keV-  interval  are 
widdy  used  for  gas  diagnostics  or  activation  [1,2]. 
In  both  cases,  secondary  dectrons  prodnoed  during 
gas  ionization  by  primary  beam  elecUons  play  a  very 
impcMtant  rde  because  they  have  oolliskmal  cross 
sec^ons  of  mdecoles  excitation,  ionizatkm  cm* 
dissodation  greato-  dian  those  far  primary  dectrons. 
Some  emissions  in  dectran  beam  cheated  {damna  are 
caused  mainly  by  secondary  electrons,  hitensity 
dependences  on  gas  pressure  becxnne  nonlinear  dm 
to  the  influence  of  secondary  electrons.  The  energy 
and  spatial  didribution  fundkm  of  secondary  elec- 
trois  (EESDF)  can  be  obtained  from  die  hitegral 
Boltzmann  Equation  widi  a  source  totm  describing 
the  production  of  secondary  dectroTB  by  the  dectron 
beam  with  energy  E^  ,  density  11^  and  radial  profile 

X(r)  Ill 


d’^f  exp  g) 


[q{Ef^  e)xir)  + 


(1) 


+^c7y(  e+ej)  f(f\  +j  ^ds€r^(e)  q(B,  min  (  e,  s-e-I))  b)  | 


where  I  is  die  ionization  direslicdd  of  die  mcdecnle, 
«•=  n^OoTf,  -  is  dimmisionless  gas  dmishy,  q(Et,,e)  - 
die  spectrum  of  secondary  dectrons  prodnoed 
during  gas  kmizatioo  by  {nimary  electrons.  This 
equation  describes  the  genmtion  of  seoondaiy 
electron  in  pcrint  r',  elastic  scattering  and  energy 
loss  in  non-elastic  oollisicms  Gnchufing  ionization) 
with  corresponding  cross  sections  Oj  (e).  The 
i^SDF  here  is  rimmalized  by  die  condition 


where  o^  (E  is  ionizing  cross  section  for  beam 
dectrons. 

3,  Greeo'S  FoncticND  of  IBE, 


/*/{/, 


The  excitatioo  rate,  $j(r),  of  j-state  of  molecule 
will  be  given  by  the  expression 


With  the  hdp  of  three-dimentional  Foori^’-Bessd 
transformation,  we  can  rntrodnce  "qiectral"  function 
p(v,e),  and  change  the  hitegral  Bohzman  Equation 
(1)  into  an  equation  with  diifted  argnmaits  (v  is 
the  variable  of  transformation  -  the  analog  of  wave 
nuffibm'): 
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Ot{  e)  p(  V,  e)  = 


V 


arctan 


+j^^flfeff/e)  ^c,nim(e,e-e-/))  p(v,e)}  (2) 


The  "^>ectral''  fiinctkw  p(v,e)  is  coonected  with 
Green's  fonction  of  the  equation  (1): 


0[\f-r'\,ey  (3) 


The  first  term  Pi(v,e)  describes  secondary  elections 
of  the  first  generation  whidi  do  not  suffer  any 
cessions,  and  the  second  term  (whidi  becomes  the 
prindpal  one  for  high  gas  densities)  has  tqiedfic 
Loeentz  form: 


2«2r^vMjL«:Ll^:^p(v,  e) 
Jo  \f-r'\ 


1 


(4) 


Thus,  the  exact  sdutkm  d  the  equation  (1)  can  be 
presented  in  die  form 

nr,  e)  e) 

Spectral  fonction  p(v,e)  is  somewhat  more  general 
and  onivosal  dum  the  distribution  function  f(r,e).  tt 
does  not  depoKl  on  gas  density  and  die  structure  of 
an  electron  beam  prdile  and  permits  one  to  find  a 
spatial  distribution  function  for  any  gas  density  and 
any  {Mofik  oS  an  electron  beam.  It  should  be  noted 
diat  die  "spectral"  function,  p(v-0,e),  for  "wave" 
nnntber  vO  corre^Kmds  to  the  EEDF  cX  second¬ 
ary  electrons  generated  by  an  infinitely  wide  election 
beam  or  to  the  space-averaged  distribution  function  . 

3.  nUStasional  Approximatitm. 

Analyses  and  numerical  calculations  of  Eq.  (2)  show 
diat  spectral  function  p(v,e)  can  be  deemnposed  into 
two  terms: 


p{  V,  e)  =p,{  V,  e)  +P2(  V,  e) 


It  should  be  noted  that  die  distribution  function 
otuiesponding  to  this  term  satisfies  a  diffusion-like 
equation.  The  critical  wave  number,  Oj(e),  in  Eq. 
(4)  determines  die  coefficient  cX  diffusion  and  is,  in 
its  turn,  determined  through  die  equation  (2)  by  the 
whole  set  of  ccdlisional  cross  sections  Oj  (e).  Ilios, 
die  "duffhsion"  of  secondary  elections  from  the 
regicn  of  the  electron  beam  is  strongly  connected 
with  the  energy  dissipation. 

4.  Conclusions. 

Die  theory  of  Integral  Bcdtzmaim  Equation  in 
estaMished.  Exact  Green's  fonction  oi  IBEq  is  found. 
For  die  special  case  cX  cylindrical  electron  beams, 
this  theory  has  been  applied  for  the  justification  of 
election  beam  diagnoriios  of  raiefi^  gases.  Hie 
caknlations  of  radial  profiles  emissions  eaetgy 
levds  excitation  rates  evoked  by  an  election  beam 
and  secondary  elections  in  nitrogen  and  Ar-SiH4  will 
be  pieseided. 
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1.  Introduction 

High  laser  output  and  specific  energetic  characteristics 
have  been  obtained  in  recent  years  by  sliding  discharge 
VUV  radiation  pumping  of  photolytically  excited  laser 
mediums  [1,2].  The  inherent  feature  of  those  laser 
systems  was  the  presence  of  refractive  index  and  gain 
coefficient  distribution  inhomogeneities  in  their  active 
medium  which  could  limit  their  performance  capabilities 
[1-4].  In  the  present  work,  we  present  a  numerical 
investigation  of  photochemical  lasers  (XeF  and  HF) 
pumped  by  planar  multi-channel  sliding  discharges  [5] 
to  demonstrate  the  possibility  of  advanced  laser 
characteristic  achievement  using  such  pumping  source. 

2.  Pumping  source 

The  brightness  temperature  of  a  high-current  sliding 
discharge  plasma  channel  reaches  the  value  of  30 
k°K  in  UV  and  VUV  spectral  regions  [1,4].  Multi 
channels  placed  in  parallel  and  close  to  each  other 
alone  a  plane  dielectric  substrate  surface  form  a  large 
area  intensively  radiating  plan  optical  source  [5].  In 
our  pumping  scheme  we  consider  a  gas  laser  medium 
pumped  by  two  counterpropagating  radiation  fluxes 
issued  from  two  such  sources  facing  each  other. 
Taking  into  account  that  the  distance  between  two 
channels  is  much  less  than  the  active  medium 
dimensions  and  that  the  ratio  of  this  distance  to  a 
channel  width  is  less  than  5,  the  optical  source  is 
assumed,  in  our  model,  to  be  homogeneous,  plane, 
and  infinitely  long  with  a  surface  brightness 
temperature  up  to  20  k°K  in  the  VUV.  This  last 
assumption  is  justified  by  the  fact  that  the  surface 
radiation  intensity  for  20  and  30  k°K  differs  about 
five  times  in  this  spectral  region. 

3.  Modeling  and  results 

The  model  considers  transport  of  pump  radiation 
through  a  nonlinear  dispersive  medium  coupled  with 
chemical  and  kinetics  describing  the  temporal  and 
spatial  evolution  of  particle  species.  The  optical 
source  is  approximated  as  a  quazimonochromatic 
pumping  radiation  source.  Simulations  are 
performed  for  the  HF  and  XeF  (C-A)  lasers. 


In  the  first  simulation  we  consider  NFj  as  F  atom 
donor  to  obtain  an  efficient  optically  excited  HF 
laser  based  on  nonchain  chemical  reactions.  Figure  1 
describes  the  reaction  scheme  of  the  main  physical 
and  chemical  processes  in  a  NF3  /  H2  /  Ar  gas 
mixture.  This  model  was  constructed  on  the  base  of 
large  bibliographic  material  analysis  and  particularly 
on  Ref  [6]  and  [7]. 


Fig.  1  :  Schematic  of  the  main  processes  of  HF* 
formation  and  desactivation  in  the  NF3  /  H2  /  Ar 
gas  mixture.  Solid  lines  are  reaction  results  and 
dashed  lines  show  the  involvement  of  different 
compounds  in  the  reaction. 

In  the  second  simulation,  we  study  the  XeF  laser 
system  based  on  the  XeF2  molecule 
photodissociation  which  produce  XeF(B-X)  and 
XeF(C-A)  laser  transitions  excitation  in  the  UV  (A.  = 
353  nm)  and  visible  (A.  =  480  run)  spectral  regions 
respectively  [1-3].  The  uniquely  wide  (70  nm 
FWHM)  XeF(C-A)  transition  is  of  particular  interest 
due  to  the  possibility  of  amplification  of  an 
ultrashort,  down  to  10  fs  duration,  laser  pulse  [8]. 

Part  of  computational  results  of  the  two 
photolytically  excited  lasers  are  introduced  on  Fig.  2 
and  3. 
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Fig.  2  :  Spatio-temporal  active  medium  stored 
energy  density  Ej  (a)  and  NF3  molecules 
concentration  (b)  distributions  for  NF3  :  H2  :  Ar 
=  7x10'®  :  1x10*’  :  1.2xl0‘®  cm'^  initial  gas 
mixture  placed  between  two  parallel  10  cm 
spaced  planar  optical  sources  with  time-constant 
brighmess  temperature  20  k°K.  The  stored 
energy  was  defined  by  formula  Ej  =  S  Vj  nj*  , 
where  Vi  and  nj*  are  the  number  of  HF  molecule 
vibrational  levels  and  its  population  respectively. 

The  results  show  that  high  laser  excitation 
characteristics  and  perfect  gain  distribution  along  the 
active  laser  medium  can  be  obtained  in  both  systems 
by  application  of  the  proposed  multi-channel  sliding 
discharge  pumping  scheme  (Fig.  2a,  3).  Fig.  2b 
demonstrates  spatial  homogeneity  of  NF3  molecules 
concentration  along  the  laser  medium  that  can  be 
obtained  in  NF3  /  H2  system.  It  follows  that  the 
active  medium  will  be  optically  homogeneous  due  to 
the  fact,  that  the  refractive  index  variation  is  mainly 
dependent  on  gas  mixture  chemical  content  [1,2]. 

4.  Conclusion 

The  results  of  our  work  show  promising  prospects  of 
planar  multi-channel  sliding  discharge  application 
for  the  optical  pumping  of  photolitically  excited 
laser  mediums.  The  proposed  pumping  configuration 
by  two  counterpropagating  radiation  fluxes  from 
parallel  oppositively  situated  multi-channel 
discharges  makes  it  possible  to  obtain  high  energetic 
laser  and  homogeneous  distribution  of  the  active 
medium  optical  characteristics.  We  also  expect  to 
present  an  experimental  results  on  the  scope  of  the 
introduced  material. 
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Fig.  3  :  XeF(C-A)  transition  gain  coefficient 
distributions  at  various  moments  of  time  for  the 
XeF2  :  Kr  =  lx  lO'®  :  6.5xl0‘*  cm'^  initial  gas 
mixture  placed  between  two  parallel  5  cm 
spaced  planar  optical  sources.  Pumping 
radiation  intensity  temporal  profile  is  defined 
by  formula  I  =  a  exp(-bt)  with  maximum  at  300 
ns  correspondent  to  the  surface  brightness 
temperature  20  k°K. 
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the  Radiative  Transfer  in  SFe  Circuit -Breaker  Arcs 
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Abstract 

This  paper  presents  another  approach  in  the  res¬ 
olution  of  the  radiative  transfer  in  circuit-breaker 
arcs.  A  P-1  approximation  is  used  to  solve  the  radia¬ 
tive  transfer  equation  (RTE).  Results  are  compared 
to  those  obtained  with  the  so-called  “partial  charac¬ 
teristics  method”. 

1  Introduction 

There  is  an  increasing  interest  towards  the  devel¬ 
opment  and  use  of  computational  tools  for  the  pre¬ 
diction  of  circuit-breaker  arc  flow  interaction.  One 
of  the  most  important  issue  in  arc  modelling  is  the 
prediction  of  the  radiative  transfer,  which  is  a  dom¬ 
inant  mechanism  for  energy  transfer  in  the  arc. 

Until  recently,  most  of  the  authors  working  in 
the  modelling  aspects  of  circuit-breakers  arcs  were 
using  the  net  emission  coefficients,  introduced  by 
Lowke  [1].  However,  these  coefficients  only  give  an 
approximation  of  the  net  radiation  leaving  the  hot 
part  of  the  plasma  and  do  not  represent  the  strong 
self-absorption  of  an  important  part  of  the  spectrum 
at  the  cold  boundary  of  the  arc. 

A  more  recent  method,  the  partial  characteristics 
method,  has  been  introduced  by  Sevast’yanenko  and 
has  been  used  by  many  workers  in  the  field  [2,  5]. 
Although  the  method  greatly  simplifies  the  radiation 
problem  compared  to  the  complete  equation  of  radia¬ 
tive  transfer,  the  method  is  still  computer  intensive 
since  it  requires  the  integration  over  the  solid  angle 
and  this  is  usually  carried  out  using  many  directions. 
It  seems  that  for  integration  with  a  transient  arc  sim¬ 
ulation,  a  cheaper  model  is  still  required  and  this  is 
the  objective  of  the  present  paper. 

2  The  P-1  Approximation 

The  RTE  in  an  emitting-absorbing  and  scattering 
participating  medium  is 


s-Vh  =  Kxhx  -  {kx  +  cr,x)h  +  (1) 

^  /  Ix{si)^xisi,-s)dQi 
Jin 

where  I\  is  the  spectral  radiation  intensity  in  the 
direction  s,  kx,  cr,x  are  respectively,  the  spectral  ab¬ 
sorption  coefficient  and  scattering  coefficient,  Ii,x  is 
spectral  blackbody  intensity,  is  the  spectral  scat¬ 
tering  phase  function  and  fi,-  denotes  the  solid  angle. 


The  radiation  intensity  is  then  decomposed  into 
directional-dependant  coefficient  y,”’(s),  the  spher¬ 
ical  harmonic  and  //"(r)  representing  the  spatial- 
dependance,  by  a  Fourier  series  as 

CO  / 

h{r,s)  =  ^rir)Yris)  (2) 

/r:0  m=  — I 


Keeping  the  first  term  of  the  expansion,  it  can  be 
shown  [3]  that  the  radiation  intensity  is  related  to 
the  incident  radiation  Gx  and  radiative  flux  by 

Ix(r,s)  =  ^[GA(r)-f  3qA  •■»]  (3) 

For  circuit-breaker  arcs,  as  first  approximation, 
the  scattering  term  is  negligeable  and  has  been 
dropped  [6].  It  is  also  assumed  that  the  walls  have 
negligeable  contribution  due  to  the  high  temperature 
of  the  arc. 

Then,  substituting  (3)  in  the  RTE  and  integrating 
over  all  solid  angles  yields  the  governing  equations 
for  P-1  approximation; 


VGx  =  -^KxQx  (4) 

^  =  «A(4:r/i  -  Gx)  (5) 


Combining  both  equations  leads  to  a  Helmholtz 
equation  for  the  incident  radiation  G 


3«:A(GA-47r7i,A)  (6) 


3  Bands  model 

Direct  wavelength  integration  of  equation  (6)  re¬ 
quires  large  computation  times  and  there  is  a  great 
difficulty  due  to  the  absorption  spectrum  which  gen¬ 
erally  includes  hundreds  of  spectral  lines  superposed 
on  a  continuum  radiation.  However,  the  SFs  contin¬ 
uum  spectrum  presents  natural  bounds  correspond¬ 
ing  to  ionization  levels  and  transitions.  The  absorp¬ 
tion  coefficients  have  been  taken  from  [4]  where  five 
bands  have  been  used.  The  averaging  has  been  per¬ 
formed  in  a  special  way  to  take  into  account  the 
contribution  of  resonance  lines.  For  these  latter,  an 
escape  factor  has  been  used  to  represent  the  self¬ 
absorption  and  this  escape  factor  has  been  computed 
in  function  of  the  arc  radius. 
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Defining  mean  values  on  band  /  =  [Ai,  A2]  by 

9/  =  /  <11=  f  ^  (7) 

JXi  JA, 

Then  total  fluxes  can  be  deduced  by  performing  a 
summation  of  results  for  each  hand 

^banda  ^banda 

<1=  Q=  'E  ^  (8) 

1=1  (=1 


4  Numerical  solution 

4.1  Discretization 

A  finite-volume  technique  has  been  used  to  dis¬ 
cretize  the  Helmholtz  equation  (6)  by  band.  For  a 
given  band  /  and  a  control  volume  V,  we  have 

^V- (^)dK=:^3«,(G(-45rf6,)dy  (9) 

The  first  integral  can  be  transformed  into  a  surface 
integral  using  the  divergence  theorem 


f  -'VGrndS=  f  3k,(G,  -  4irh,)dV  (10) 
Jav  <^1  Jv 


4.2  Boundary  conditions 

One  of  the  main  concern  in  this  approach  is  the 
boundary  conditions.  For  an  axisymmetric  arc,  a 
zero  flux  is  imposed  across  the  axis.  We  have  tried 
classical  boundary  conditions  found  in  the  literature 
like  Mark  and  Marshak  for  the  nozzle  wall.  Finally, 
we  simply  set  the  incident  radiation  on  the  wall  at 
zero. 

4.3  Resolution 

For  a  one-dimensional  axisymmetric  arc,  we  obtain 
a  tridiagonal  system  which  can  be  solved  by  a  quick 
method  such  as  the  Thomas  algorithm.  After  de¬ 
termining  the  incident  radiation  for  each  band,  the 
radiation  flux  and  the  divergence  of  radiative  flux 
can  be  computed  using  equations  (8),  the  last  one 
corresponding  to  the  net  emission. 


5  Results  and  discussion 
The  first  attempt  Wcis  to  validate  the  model  with 
the  net  emission  coefficients  [1].  Figure  1  shows  the 
results  for  an  isothermal  arc  of  radius  10  mm.  We 
notice  the  same  trend.  The  slight  difference  could  be 
attributed  to  the  difference  of  spectral  absorptivities 
used  in  the  two  methods. 

Comparison  has  also  been  made  with  the  results  of 
Raynal  et  al.  [5].  Using  the  same  temperature  profile 
given  for  an  arc  of  5  mm  ,  figure  2  compares  the 
results  obtained  using  a  3-D  partial  characteristics 
method  and  an  axisymmetric  P-l  approximation. 

This  results  has  been  obtained  using  an  equivalent 
arc  radius  of  2.5  mm  for  computing  the  averaged 
absorption  coefficients. 


Figure  1:  Net  emission  for  a  10  mm  radius  arc 


Figure  2:  Net  emission  for  Raynal ’s  arc 
6  Conclusion 

The  results  indicates  that  this  type  of  method  pro¬ 
duces  results  of  sufficient  accuracy  to  be  used  in  a 
large  variety  of  modelling  studies.  The  results  shown 
here  present  a  great  opportunity  to  solve  the  problem 
of  radiation  transfer  in  circuit-breakers  with  interest¬ 
ing  costs.  The  model  is  currently  being  e.xtended  to 
two-dimensions . 
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Introduction 

Theoretical  studies  of  charged-particle  transport  in 
the  presence  of  both  electric  and  magnetic  fields  have 
advanced  considerably  in  recent  years  [1-5].  How¬ 
ever,  not  so  many  results  have  been  reported  for  par¬ 
ticle  reactive  (non-conservative)  processes  like  ion¬ 
isation,  which  can  lead  to  interesting  phenomena. 
For  example,  the  gyration  of  electrons  in  a  trans¬ 
verse  magnetic  field  causes  a  much  longer  path  in 
spanning  a  given  straight  line  distance  (between  elec¬ 
trodes)  compared  with  the  case  of  no  magnetic  field. 
Therefore  it  is  possible  that  they  experience  many 
more  ionisation  processes,  thus  resulting  in  a  reduced 
breakdown  voltage.  It  has  been  observed  that  the 
breakdown  voltage  at  low  gas  pressures  can  be  re¬ 
duced  from  some  tens  of  kilovolts  to  a  few  hundred 
volts  by  the  application  of  a  transverse  magnetic 
field  [6],  an  effect  which  lends  itself  to  such  appli¬ 
cations  as  high  current  switches,  cold  cathode  rec¬ 
tifiers  and  plasma  preparation  [1].  The  multi-term 
method  of  Ness  [2]  can  be  used  to  calculate  reac¬ 
tive  electron  transport  properties  for  arbitrary  field 
configurations,  but,  up  to  now,  no  work  has  been 
published  in  this  respect,  even  for  the  simple  crossed 
field  situation.  Vrhovac  and  Petrovic  [7]  have  inves¬ 
tigated  reaction  effects  on  transport  coefficients  of 
electrons  in  the  framework  of  momentum-transfer- 
theory  (MTT).  In  their  model  gas  calculations,  only 
average  energy  and  drift  velocity  have  been  taken 
into  consideration.  In  our  work,  all  transport  prop¬ 
erties  have  been  studied  within  MTT,  and  model 
calculations  for  electrons  have  been  carried  out  to 
illustrate  the  magnitude  of  the  reactive  effects. 

Theory 

For  reactive  swarms  moving  in  crossed  electric  and 
magnetic  fields,  the  momentum  balance  equation  is, 

—kTVn  +  nq{E-{-{v)xB)  =  nfiDm{v),  (1) 
while  for  the  energy  balance 

— ^  •  Vn  =  (e)  -  -  r2^mo(w)^ -b  n.  (2) 

Here  E  and  B  stand  for  electric  and  magnetic  fields 
respectively,  and  other  quantities  possess  the  same 
meaning  as  in  [8,9].  In  our  coordinate  system,  qE  is 
in  -t-z  direction,  B  in  -fy  direction. 


Proceeding  in  exactly  the  same  way  as  in  [8] ,  we  find 
that  drift  velocity  and  diffusion  tensor  are  given  by 


W  =  W* 


dW 

W 


“  T  ’ 

q  2  q 


d^a 

OEdE 


kT 

) 

q 


(3) 

(4) 


respectively,  where  a  =  Va  —  vi,  with  Ua  and  vj  are 
attachment  and  ionisation  collision  frequency  sepa¬ 
rately.  W*  is  the  flux  drift  velocity  [10],  and  T  is 
the  temperature  tensor.  The  balance  equation  for  T 
can  be  found  as  in  [4].  The  flux  diffusion  tensor  [10] 
is  defined  as 


_  dW*  kT 
~  dE  '  q' 


(5) 


Note  the  structure  of  D: 


/  Dx  •  Dxz 

D  =  Dy 

\  Dzx  ■  Dz 


(6) 


The  above  expressions  are  applicable  to  arbitrary 
charged  particle  masses. 

Generally  speaking,  reactions  explicitly  affect  all  the 
components  of  the  drift  velocity  and  diffusion  tensor, 
for  example,  through  the  second  term  in  (3)  for  the 
drift  velocity. 


Results  and  Discussion 


Although  no  restrictions  on  swarm  masses  have  been 
placed  in  obtaining  expressions  (3)  and  (4),  as  a  first 
step  to  our  understanding  of  physical  processes,  it  is 
convenient  to  consider  electron  swarms. 


For  electrons,  as  discussed  by  Robson  [4],  m  <C  mo 
and  the  near  isotropic  property  of  temperature  ten¬ 
sor  greatly  sirnplifies  calculation  of  transport  prop¬ 
erties.  The  isotropic  nature  of  T  effectively  removes 
any  explicit  effects  of  reaction  on  Wx ,  Dxz  and  Dzx  ■ 

Figure  1  represents  the  drift  velocity  in  the  z  direc¬ 
tion,  and  the  diffusion  coefficients  in  the  x  and  z 
directions  for  a  simple  ionisation  model  [9]  with  ion¬ 
isation  energy  e/=10eV: 


<rrri(e)  =  lOe 

„  {A  -  f  °  e  <  e/, 

\2xlO-V„  €>€I. 
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Figure  1:  Transport  properties  for  model  gas  [9].  (a)  drift  velocity  in  z  direction,  diffusion  coefficients  in  (b)  x 
direction  and  (c)  z  direction.  Quantities  with  *  stand  for  flux  properties. 


Energies  are  in  units  of  eV,  and  cross  sections  in  A^. 
Other  parameters  are:  m/mo  =  10“^,  To=293K.  A 
smoothing  factor  is  used  for  the  ionisation  process  in 
the  vicinity  of  the  threshold  [11]. 

We  observe  that  the  explicit  effect  of  ionisation  is  to 
enhance  both  Wz  and  Dx  (The  same  applies  to  Dy , 
although  this  is  not  shown  here).  We  can  understand 
this  change  with  the  following  picture  of  a  traveling 
pulse.  In  the  z-direction,  particles  at  the  leading  edge 
of  the  swarm  are  more  energetic  than  those  at  the 
trailing  edge.  Since  di/j/de  >  0  for  this  model,  par¬ 
ticles  are  preferentially  created  at  the  leading  edge, 
and  there  is  an  increase  in  the  drift  velocity  in  this  di¬ 
rection.  However  for  electrons,  the  spatial  profiles  of 
the  average  energy  in  both  the  x  and  y  directions  are 
approximately  symmetric,  with  the  average  energy 
increasing  with  distance  from  the  centroid.  Conse¬ 
quently  electrons  are  preferentially  generated  further 
from  the  centroid,  and  this  reactive  effect  acts  to  en¬ 
hance  diffusion  in  these  directions.  By  virtue  of  the 
symmetry  however,  there  is  no  explicit  reactive  effect 
on  these  components  of  the  drift  velocity.  As  for  the 
diffusion  in  the  z  direction,  since  the  spatial  profile  of 
the  average  energy  in  this  direction  is  not  symmetric, 
the  physical  picture  is  not  so  clear  cut.  Figure  1  also 
shows  that  an  applied  magnetic  field  can  change  the 
relative  magnitude  of  Dz  and  D*  from  that  of  E  field 
only,  while  Dx  >  D%  always. 


With  an  increase  in  magnetic  field,  both  the  flux  and 
bulk  properties  decrease,  as  we  expected. 

Concluding  Remarks 

We  have  considered  other  models  and  plan  also  to 
present  results  for  E  and  B  arbitrarily  oriented. 
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Introduction 

Recently  a  theoretical  framework  and  associated  time- 
dependent  multi-term  computer  code  has  been  devel¬ 
oped  for  solving  the  reactive  space-time  dependent 
Boltzmann  equation  for  the  phase  space  distribution 
function  (White  1996).  The  aim  of  the  work  was  to 
overcome  restrictions  and  approximations  associated 
with  many  contemporary  investigations  (Ferreira  et  at. 
1991,  Kortshagen  1995).  In  particular,  this  study  al¬ 
lows  accurate  calculation  (typically  to  within  1%)  of 
both  the  full  set  of  transport  coefficients  and  the  distri¬ 
bution  function  /,  with  all  of  the  following  conditions 
satisfied: 

•  No  restriction  on  the  number  of  spherical  harmonics 
in  the  velocity  space  decomposition  of  /; 

•  No  assumptions  concerning  the  time-dependence  of 
any  of  the  components  of  the  decomposition  of  /  (i.e., 
avoiding  restrictions  associated  with  quasi-stationary 
approximations  (Winkler  ei  al.  1984);  effective  field 
theories  (Ferreira  et  al.  1991);  low-order  Fourier-series 
truncations  (Makabe  and  Goto  1988;  Loureiro  1993)); 

•  Valid  for  arbitrary  charged  particle  masses,  field  am¬ 
plitudes  and  applied  frequencies; 

•  No  assumption  of  spatial  homogeneity  (eg.  local 
field  approximation  (Kortshagen  1995)); '  retention  of 
the  gradient  term  in  the  Boltzmann  equation  allowing 
for  proper  accounting  of  anisotropic  diffusion  effects; 

•  Rigorous  treatment  of  reactions  to  ensure  theoretical 
computation  of  measurable  transport  properties  (Ness 
and  Robson  1986). 

We  have  found  many  interesting  effects  for  a.c.  fields, 
especially  due  to  spatial  gradients  and  reactions: 

•  The  anomalous  character  of  anisotropic  diffusion  (see 
also  Maeda  and  Makabe  (1994);  Bzenic  et  al.  (1994)); 

•  Time-dependent  negative  differential  conductivity 
(NDC)  effects  (see  also  Bzenic  et  al.  (1995)); 

•  The  peculiar  nature  of  reactive  effects,  eg,  attach¬ 
ment  may  cause  drift  velocity  to  lead  the  field  in  phase. 

Our  approach  also  differs  from  contemporary  authors 
to  the  extent  that  we  have  always  attempted  to  first 
elucidate  the  basic  physics  through  the  use  of  simple 
model  cross  sections,  before  tackling  real  gases,  and 
have  drawn  upon  the  extensive  literature  on  the  kinetic 
theory  of  d.c.  swarms  (Ness  and  Robson  1986)  to  help 
us  explain  the  far  more  complicated  a.c.  phenomena. 
We  have  also  found  it  helpful  to  consider  transient  pro¬ 
cesses  and  associated  relaxation  phenomena  in  coming 
to  terms  with  the  observed  a.c.  profiles.' 


Theory 

The  velocity-dependence  of  f{r ,  c,  t)  is  represented  in 
terms  of  spherical  harmonics: 

OO  I 

f{r,c,t)  =  /W(r,c,<)yW(d)  .  (1) 

(=0  m  =  — / 

No  restrictions  are  placed  on  the  number  of  spherical 
harmonics  considered,  nor  is  any  particular  form  as¬ 
sumed  for  the  time-dependence  of  the  expansion  co¬ 
efficients.  The  speed  dependence  of  the  coefficients 
/m^(r,c, f)  is  represented  by  an  expansion  about  a 
Maxwellian  at  a  time-dependent  basis  temperature 
Tj,(f)  in  terms  of  Sonine  polynomials.  Ti,{t)  is  a  param¬ 
eter  used  to  optimise  convergence  and  is  determined 
internally  and  automatically  subject  to  specified  accu¬ 
racy  requirements  over  the  cycle. 

It  is  assumed  that  the  hydrodynamic  stage  has  been 
reached  and  that  the  familiar  density  gradient  expan¬ 
sion  applies: 

OO 

/(r,c,<)  =  J2f^‘\c,t)Qi-Vyn{r,t)  .  (2) 

s  =  0 

This  representation  is  justified  by  White  (1996)  and  is 
in  any  case  required  for  the  determination  of  hydro- 
dynamic  (bulk)  transport  coefficients,  viz,  drift  veloc¬ 
ity  W{t),  diffusion  tensor  D(<),  and  attachment  rate 
Ra(t).  These  standard  quantities  are  defined  through 
the  diffusion  equation 

3ti 

—  -b  W{t)  ■  Vn  -  D{t)  :  VVn  =  ~Ra{t)n  .  (3) 

These  measurable  bulk  transport  coefficients  differ  from 
the  flux  coefficients  defined  in  the  density  gradient  ex¬ 
pansion  of  the  flux,  through  the  inclusion  of  the  explicit 
effects  of  reactions.  The  spatial  variation  in  the  average 
energy  through  the  swarm  results  in  a  subsequent  spa¬ 
tial  variation  of  the  source  term  in  the  continuity  equa¬ 
tion.  A  rigorous  treatment  of  reactions  then  requires 
a  density  gradient  expansion  of  this  source  term  and 
subsequently  the  bulk  transport  coefficients  appearing 
in  the  diffusion  equation  (3)  must  contain  an  explicit 
contribution  from  reactions: 

Ra{t)  =  -  J  j^if^°\c,t))dc  ,  (4) 

W{t)=W*{t)-S’'^\t) 

■  -  j  cf°'>{c,t))dc-  J  J^{f^\c,t))dc  ,  (5) 
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Figure  1:  (a)  Comparison  of  the  twoterm  and  multiterm  temporal  profiles  of  UoDl  and  tIoDt  in  methane 
{Efrio  =  lOcoswt  Td;  u/ria  =  1x10“^®  rad  m®  s“^)  (b)  Comparison  of  the  flux  and  bulk  drift  velocity  for  the 
attachment  power  law  model  (cta  =  ae?  A^;  E/ric  =  0.4 cos wt  Td;  u/ng  =  1x10“^®  rad  m®  s“^). 


D(t)  =  D*(t)-5(2)(^) 

=  j  cf^^\c,t))dc-  J  J^{f(^\c,t))dc  ,  (6) 

where  is  the  reactive  component  of  the  collision  op¬ 
erator  and  W*  and  D*  represent  the  flux  drift  and 
flux  diffusion  coefficients.  Previously,  treatments  of  re¬ 
actions  in  a.c  electric  fields  have  neglected  the  spatial 
variation  in  the  source  term.  The  physical  origin  of 
transport  brought  about  by  energy  selective  creation 
or  annihilation  of  swarm  particles  can  be  physically 
understood.  The  difference  between  the  flux  and  bulk 
properties  are  highlighted  in  Figure  1(b). 

To  determine  all  the  bulk  transport  coefficients  defined 
in  (3)  in  the  presence  of  reactions,  truncation  of  (2) 
at  s  =  2  is  necessary.  Equation  (2)  together  with 
(1),  yields  a  hierarchy  of  five  coupled  kinetic  equations. 
Much  contemporary  work  however  seems  to  revolve  the 
spatially  homogeneous  member  of  this  set,  and  is  there¬ 
fore  totally  inadequate  for  considering  spatial  effects  of 
any  sort,  especially  diffusion. 

Example  results 

Figure  1(a)  represents  the  profiles  associated  with  a 
two-term  and  multi-term  truncation  of  (1)  for  the 
transverse  and  longitudinal  diffusion  coefficients  for 
electrons  in  methane  over  a  cycle  of  the  electric  field. 
The  errors  associated  with  the  two-term  approximation 
are  obvious.  One  also  observes  the  marked  difference 
between  the  UoDi  and  UoDt-  Figure  1(b)  represents 
a  comparison  of  the  flux  and  bulk  drift  velocity  for 


a  simple  power  law  attachment  model  (cr^  =  ae^A^). 
One  should  observe  the  errors  associated  with  approxi¬ 
mating  the  measurable  bulk  properties  with  the  corre¬ 
sponding  flux  property.  A  particularly  striking  feature 
is  the  appearance  of  a  negative  phase  lag  in  the  p  =  1/2 
profile  (i.e.,  the  drift  preempts  changes  in  the  field). 
See  White  (1996)  for  a  physical  explanation.  Calcula¬ 
tions  for  other  conservative  and  nonconservative  model 
and  real  gases  will  be  reported. 

Concluding  remarks 

The  infastructure  exists  in  the  present  theory  and  code 
to  study  to  the  full  plasma  problem,  ie,  solving  ion 
and  electron  Boltzmann  equations  coupled  by  Poisson’s 
equation.  The  focus  of  present  work  is  to  address  the 
full  spatial  problem,  with  no  assumption  of  a  hydrody¬ 
namic  regime. 
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Although  many  papers  being  devoted  to  the  elec¬ 
tron-gas  interaction  have  been  pubhshed,  only  a  few 
[1,2]  g^ve  information  on  the  electron  distribution 
function  (EDF)  as  ahmction  of  electron  energy  and 
position.  The  main  purpose  of  the  paper  is  compre- 
hence  whether  the  available  data  on  cross  sections 
are  sufficient  to  calculate  very  accuiutely  the  EDF  in 
energies  and  space,  and,  in  particular,  to  describe 
the  measurements  of  Gnm  [3],  Cohn  and  Caledo- 
nia[4],  and  Barrett  and  Hays  [5]. 

To  investigate  the  EDF  in  plasma,  formed  by  a 
beam  of  electrons  incident  on  gaseous  nitrogen,  the 
Monte  Carlo  (MC)  electron  degradation  technique 
was  used.  The  computer  program  follows  electrons 
through  a  series  of  collisions.  Elastic  scattering, 
ionization,  and  excitation  of  electron  states  of  mole¬ 
cules  were  considered.  After  the  scattering  event  had 
been  established,  the  anisotropic  or  isotropic  scatter¬ 
ing  was  performed.  Elastic  collisions  are  of  first  im¬ 
portance  in  scattering  of  electrons  by  molecules. 
Therefore,  very  accurate  differential  cross  sections 
for  the  elastic  scattering  of  electrons  are  needed  in 
order  to  account  property  for  the  behavior  of  elec¬ 
trons  in  gaseous  media.  In  this  study  elastic  scatter¬ 
ing  in  Nj  was  treated  using  the  form  proposed  by 
Porter  and  Jump[2]  is  represented  by  the  following 
expression; 

PiCe,  E)~  i/[i-b27(E)-cos(e)f +i;(Ey[i  + 

2  p  (E)  H:os(9)P 

Parameters  y ,  M  were  obtained  by  Porter  and 
Jump  [2]  for  the  (Efferent  energies  at  which  data  were 
available.  The  values  of  parameters  at  the  interme¬ 
diate  energy  points  in  this  paper  were  found  using  . 
the  standard  spline  interpolative  technique.  Above  1 
keV  y  was  obtained  by  extrapolating  the  empirically 
determined  dependence  to  agree  at  energies  above  20 
ke  V  with  that  from  Moliere[6]: 

Y=1.70  10-5y,Z2«/(x(x+2)) 
where  x  =  Eftnc^  is  the  kinetic  energy  in  units  of  the 
electron  rest  mass,  Z  is  atomic  number  of  the  sub¬ 
stance  (fornitrogen,  Z  =  7),  and 

y,  =  1.13  +  3,76(Z4I37(v/c)])2 

Data  on  inelastic  differential  cross  sections  in  ni¬ 
trogen  published  sx^est  that  at  electron  energies 
from  10  eV  to  60  eY  inelastic  collisions  cause  ap¬ 
proximately  the  same  amount  of  scatter  as  that  re¬ 
sulting  from  elastic  collisions.  From  the  other  side 
we  have  available  the  semiempirical  generalized 
oscillator  strengths  of  Porter  et  al  [7]  for  angular 
inelastic  scattering  by  the  primary  electrons  at  high 
energies  ndtich  substantially  forward  peaked.  Thus 
in  the  case  of  ionization  or  inelastic  collisions  with 


excitation  of  optically  allowed  states,  which  are  the 
most  important  inelastic  events  above  100  eV,  the 
angular  scattering  was  delta  function  forward.  In  the 
events  with  excitation  of  optically  forbidden  states  it 
was  assumed  that  electrons  scattered  according  to 
the  differential  elastic  cross  section.  Electron  energy 
d^radation  was  simulated  using  the  formulas  given 
inm. 

In  order  to  test  the  accuracy  of  the  present  com¬ 
putational  model,  comparisons  were  made  with 
laboratory  measurements  of  emissions  for  electron 
beam  injections  in  N2  [3-5].  The  comparisons  of  the 
normalized  energy  deposition  distribution,  as  de¬ 
fined  by  Grun  [3],  computed  from  the  3914  A  emis¬ 
sion  spatial  profiles  and  measured  by  Barrett  and 
Hays  [5],  Cohn  and  Caledonia[4],  and  Orun  [3]  over 
an  energy  range  from  0.3  keV  to  5  ke  V  were  per¬ 
formed.  Table  1  compare  practical  range  valu« 
determined  using  present  scattering  models  with 
results  of  various  authors  [1  -5}.  The  range  results 
fiom  current  work  are  in  r^er  good  agreement 
with  measurements  at  incident  energies  of  2  keV,  3 
keY  and  5  keV,  but  become  systematically  overesti¬ 
mating  those  fiiom  Barrett  and  Hays  [5]  at  lower 
energies. 

Table  I.  Range  data  (in  10  *  g/cm*)  at  selected  inci¬ 
dent  enragies  (Ep)  (in  keV).  BH  -  Barrett  and  Hays 
[5],  CC  -  Cohn  and  Caledonia  [4],  G  -  Grun  [3], 
PVM  -  Porter  et  al  [2],  JG  -  Jackman  and  Green  [1]. 


Ep 

Pi 

BH 

CC 

G 

PVM 

JG 

0.1 

0.31 

0.33 

0.37 

0.3 

1.19 

1.06 

1.13 

1.25 

0.5 

2.24 

2.13 

2.16 

1.0 

6.02 

5.72 

5.68 

6.45 

2.0 

18.22 

17.70 

20.60 

17.30 

18.60 

3.0 

34.58 

34.30 

35.20 

5.0 

80.88 

83.00 

77.20 

76.40 

83.40 

91.50 

Now  let  us  concentrate  on  the  shapes  of  deposition 
curves.  At  0.3  keV  (Fig.  1,  a)  calculated  curve  pre¬ 
dict  the  peak  on  the  larger  distance  from  the  point  of 
injection  than  experimental  data  and  also  falloff  in 
computations  have  more  steep  dope  than  that  in 
measurements.  At  5  ke  V  (Fig.  I ,  b)  the  model  gives 
practically  the  Same  value  of  the  shoulder  that  seen 
Irom  data  of  Grua[3]  but  position  of  maximum  Ls  in 
better  agreement  with  data  of  Cohn  and  Caledo- 
nia[4]. 

To  summarize  briefly,  it  was  shown  tiiat  the  MC 
method  presented  correctly  predict  the  behavior  of 
deposition  curves  measured  but  overestimate  the 
position  of  peak  from  Barrett  and  Hays[5].  The  dif- 
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fereaces  are  the  most  significant  at  0.3  keV  and  3 
keV. 


Fig.  1.  The  energy  deposition  curves  at  several  en¬ 
ergies:  MC  calculations  -  P[  (solid  lines) ,  Barrett  and 
Haysf5J(o),  Cohn  and  Caledonia  {4]  (+),  Grun  [3] 
(dashed  line)-,  a)Ep  =  0.3  keV,  b)  Ep  =  5.0  keV. 

The  results  given  were  obtained  using  the  cross- 
section  model  (Pi)  which  describes  very  acciuntdy 
various  experimental  angnlar  elastic  cross  sections. 
From  the  other  ade,  the  results  obtained  at  low  inci¬ 
dent  energies  for  depth  of  the  peak  and  range  values 
S3rstematically  overestimate  those  fi?om  Barrett  and 
Hays[5].  If  the  latter  experimental  work  is  correct, 
then  we  can  draw  the  conclusion  that  at  low  energies 
a  very  accurate  consideration  of  anisotropy  is 
needed  both  for  elastic  collisions  and  inelastic  colli¬ 
sions. 

To  determine  the  distribution  of  electrons  in  ener¬ 
gies  formed  after  the  incident  electrons  and  all  its 
secondaries  and  tertiaries  had  been  cornpletely  de¬ 
graded  in  energy,  electron  flux  densities  normalized 
to  the  total  ionizatioa  rates  were  computed  (Fig.  2). 


It  is  seen  finm  the  Figure  that  in  low-energy  range 
distribution  of  electrons  is  practically  indqrendmt  of 
energy  of  incident  electrons.  The  distinctions  be¬ 
tween  the  results  from  these  calculations  and  those  of 
Suhre  and  Verdeyen[9],  Konovalov  and  Son[10] 
could  be  due  to  several  reasons  (two  of  them  are 
mentioned  here):  (1)  the  cross  sections  are  not  the 
same;  (2)  the  computation  methods  are  not  the  same. 


Fig.  2.  Comparison  of  electron  flux  den^ties  from 
Ref.  8  (short  dashed  lines).  Ref.  9  (dashed  line)  with 
present  calculations  (solid  lines):  (1)  -  Ep  =  250  eV; 
(2)-Ep  =  lkcV. 

The  dectron  flux  densities  were  obtained  at  differ¬ 
ent  energies  of  incident  electrons  and  distances  to  the 
point  of  injection.  It  was  shown  that  while  at  low 
energies  of  incident  electrons  flux  densities  computed 
are  different,  at  higher  incident  energies  flux  densi¬ 
ties  in  low  energy  range  are  cortung  to  be  independ- 
eat  of  incident  energy  and  distance  to  the  point  of 
injection.  Practical  result  from  it  is  that  spati^  de¬ 
pendencies  of  excitation  rates  of  forbidden  states  are 
similar  to  those  of  ionization  at  high  incident  ener¬ 
gies  and  different  at  lower  incident  energies. 
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Abstract 

Experiments  have  been  investigated  in  order  to 
determine  variations  of  the  secondary  electron  emission 
coefficient  vs.  reduced  field.  Results  are  given  as  a 
function  of  the  electrodes  spacing  for  different 
electrodes  materials  and  for  different  rare-gases.  This 
research  is  supported  by  the  company  Thomson  Tubes 
Electroniques. 


1.  Plasma  display  panel 

1.1  Presentation 

Thanks  to  significant  progress  made  over  recent  years 
[1],  plasma  display  panel  (PDP)  is  the  most  promising 
candidate  for  large  size  flat  screens.  To  replace  cathode 
ray  tube  displays,  PDPs  offer  many  advantageous 
charaqeristics  as  robustness,  low  operating  voltages, 
absence  of  geometrical  distorsion,  uniform  luminance, 
high  contrast  and  e3rtremely  wide  viewing  angle. 

1.2  Principles 

The  panel  consists  of  two  glass  plates  enclosing  a  gap 
filled  with  rare-gas  mi3rture  (neon-xenon)  at  560  torr. 
Each  plate  carries  a  parallel  array  of  electrodes  and  a 
dielectric  layer  with  magnesium  ojdde  (MgO)  layer. 
The  role  of  this  layer  is  to  proteq  the  electrodes.  At  the 
intersection  of  two  electrodes,  representing  an 
elementary  PDF’s  cell  or  pixel,  occurs  an  electric 
discharge  emitting  UV  photons  (147-173  nm).  This 
emission  is  next  used  to  excite  phosphors  which 
produq  one  of  the  three  fundamental  colors  (red,  green 
or  blue). 


2.  Secondary  Townsend  coefficient 

One  of  the  most  important  parameters  in  a  discharge 
occurring  between  plane-parallel  electrodes  is  the 
secondary  electron  emission  coefficient  or  secondary 
Townsend  coefficient  called  y.  It  represents  the  number 
of  secondary  electrons  knocked  out  by  one  positive  ion 
hitting  the  cathode  surface.  This  number  depends  on 
the  kind  of  the  electrodes  material  and  the  gas  used  for 
the  discharge.  Its  knowledge  is  essential  so  as  to 
simulate  PDF’s  behavior  and  understand  its 


functioning.  For  modeling,  the  dependence  of  y  on  E/p 
is  useful  (E  is  the  electric  field  between  the  electrodes 
and  p  is  the  pressure  of  the  gas). 

3.  Experiments 

An  experimental  method  allowing  a  systematic 
determination  of  this  coefficient  whatever  the 
electrodes  materials  (metals,  metals  with  dielectric, 
metals  with  phosphors...)  and  whatever  the  gas  (rare 
gases,  mixtures...)  has  been  developed. 

The  electrodes  (5  cm  of  diameter),  were  placed  in  the 
experimental  chamber  (see  figurel).  Their  flat  faces 
were  pointing  towards  each  other.  The  spacing  d 
between  them  was  adjustable  from  0.2  cm  to  1  cm.  The 
chamber  was  conneried  to  a  gas  system  and  vacuum 
pumps. 

In  the  experiments,  the  pressure  p  was  altered  from  0.5 
torr  to  60  torr,  which  means  0.1  torr.cm<  pxd  <12 
torr.cm. 

The  chamber  was  also  conneqed  to  a  circuit  which 
caused  breakdown  between  the  electrodes.  This 
cleqrical  circtiit  allowed  volt-ampere  charaqeristics  to 
be  determined.  Electrodes  were  sustained  with  dc 
voltage  varying  between  OV  and  LOOOV.  The  external 
resistance  could  take  values  included  between  about 
2000Mf2  and  lOkH.  In  this  way,  it  was  possible  to  have 
a  current  from  10'"^  A  to  10'^  A. 

Visual  observation  of  the  discharge  was  possible  thanks 
to  a  quartz  window. 


figurel  :  Experimental  chamber 
(C  is  the  cathode  and  A  is  the  anode). 


XXni  ICPIG  ( Toulouse.  France  )  17  -  22  July  1997 


1-59 


3.1  Experimental  technique 

The  different  steps  used  to  characterize  the  dependence 
of  y  on  E/p  are  the  following: 

(i)  the  different  regions  of  the  discharge  could  be 
observed:  the  Townsend  discharge  and  the  three 
regimes  of  the  glow  discharge  (subnormal,  normal  and 
abnormal).  Thus,  the  current-voltage  characteristics  of 
a  dc-discharge  could  be  plotted  (see  figure2)  and  the 
breakdown  voltage  Vd  for  many  values  of  product  pxd 
was  determined. 

(ii)  the  next  step  was  to  represent  the  variations  of  this 
voltage  Vci  vs.  pxd,  which  is  called  the  Paschen’s  curve 
(see  figures). 

(iii)  an  examination  of  this  curve  finally  gave  the 
dependence  of  y  on  E/p.  In  this  view,  one  assumed 
E/peVd/(pxd)  and  as  the  values  of  the  first  Townsend 
coefficient  a  are  known  as  a  function  of  E/p  thanks  to 
Monte-Carlo  simulation,  y  (E/p)  was  next  deduced  from 
the  formula : 

\  +  -  =  e‘^ 

Y 


Voltage  (V) 


figures  :  Current-voltage  characteristic  for  parallel- 
plane  electrodes  at  one  pxd  value. 


Vd 


3.2  Experimental  results 

E.xperiments  have  been  investigated  for  different 
electrode  materials  (stainless  steel,  copper,  copper  with 
MgO)  and  many  gases  (argon,  krypton,  .xenon  and 
neon). 

E.\perimental  results  (current-voltage  characteristics, 
Paschen’s  curves  and  variations  of  y  with  E/p)  were 
found  as  a  function  of  the  electrode  spacing  (d=2mm. 
4mm,  6mm  and  10mm).  In  some  cases,  they  were 
compared  with  results  from  literature. 

The  curves  in  figure4  are  examples  of  variations  of  y 
obtained  for  d=2mm. 


figure4  :Experimental  variations  of  y  with  E/p  for  neon. 
Symbols  represent  our  results  for  steel  (A)  and  copper 
(B)  electrodes,  respectively.  Thenther  curves  are 
variations  found  for  copper  electrodes 

by[2]( - )  and  by  [3]  ( - ■). 
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figure3  :  Paschen’s  curve. 
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Abstract 

Collision  strengths  for  neutral  and  singly  ionized 
nitrogen  have  been  calculated  with  the  R-matrix  method. 
The  results  were  compared  with  measured  coefficients 
obtained  by  means  of  a  low  pressure  cascade  arc  plasma. 
The  investigations  were  performed  in  an  intensity 
calibrated  spectroscopic  system  operated  in  the  visible 
and  VUV  spectral  range  down  to  53  nm. 

R-Matrix  calculations 

The  codes  for  the  collisional  calculations  were  deducted 
from  the  OPACITY  PROJECT  [\].  The  target  modelling 
was  performed  by  using  AUTOSTRUCTURE  [2],  a  code 
primarily  corresponding  to  the  well  known 
SUPERSTRUCTURE  [3]  but  dealing  with  Hartree 
potentials  evaluated  by  Slater  type  orbitals.  These 
potentials  offer  one  optimization  parameter  X^i  for  each 
orbital  nl.  The  close-coupling  calculation  includes  the 
2s2p^  2s2p^3s,  2s^2p^3s,  2s^2p^3p,  2s^2p^3d,  2s^2p^  and 
the  2p^  configurations  for  the  nitrogen  atom  and  the 
2s2p^  2s^2p3s,  2s^2p3p,  2s^2p3d,  2s^2p^  and  the  2p‘' 
configurations  for  the  ion.  Since  the  application  of 
pseudo  orbitals  did  not  improve  the  accuracy 
significantly,  they  have  not  been  used. 

Experiment  and  calibration 

For  the  purpose  of  the  present  investigations  a  stationary 
low  pressure  plasma  was  generated  in  a  Maecker-type 
cascade  arc  [4].  The  cascade  consists  of  a  stack  of  axially 
insulated,  water-cooled  copper  plates  with  aligned  center 
bores  (7  mm0)  forming  the  discharge  channel.  Silicon 
rubber  rings  between  the  plates  are  being  used  as 
vacuum  seals.  Two  tungsten  electrodes  on  the  Einode  side 
and  one  external  heated  electrode  on  the  cathode  side 
share  the  current  load.  The  discharge  was  operated  at  8  A 
current  and  at  pressure  values  between  30  and  1  hPa.  The 
stack  of  cascade  plates  was  isolated  by  a  vacuum-tight 
acrylic  glas  cylinder  which  was  pumped  to  prevent  the 
influx  of  atmospheric  oxygen.  The  plasma  consisted 
mainly  of  helium  with  small  admixtures  of  nitrogen.  The 
gas  composition  was  adjusted  by  calibrated  mass  flow 
controllers. 

For  the  VUV  intensity  calibration  in  the  range  of  53  to 
125  nm,  the  low  pressure  cascade  arc  was  replaced  by  a 
2  mm0  pure  He  discharge  which  was  operated  at  normal 
pressure  (952  hPa)  and  100  A  current.  The  comparison 
of  the  calculated  continuum  emission  coefficient  of  the 
He  plasma  and  the  measured  signal  at  27  wavelength 
points  yields  the  system  response  in  the  VyV.  In  order  to 
examine  the  continuous  intensity  calibration  at  several 


wavelength  points,  the  normal  pressure  arc  was  replaced 
by  a  hollow  cathode  (8  mm0,  60  mm  length).  A  detailed 
description  is  given  in  Ref  [5]. 

The  aforementioned  discharges  were  investigated 
simultaneously  by  two  optical  systems,  observing  end-on 
nearly  the  same  central  region  of  the  plasma  columns 
from  both  directions.  A  2-m  monochromator  at  the 
cathode  side  served  for  diagnostic  purposes  in  the  visible 
(vis)  region  (250-550nm).  For  precise  wavelength  scans, 
especially  of  small  line  profiles,  a  photomultiplier 
(R928/1P28)  was  moved  by  a  piezo  shift  system 
mounted  on  a  precision  mechanical  drive.  The  response 
was  obtained  by  a  calibrated  tungsten  strip  lamp.  From 
the  anode  side,  the  VUV  system  was  used  for  intensity 
measurements.  A  platinum  coated  spherical  mirror 
focused  the  cross  section  of  the  plasma  columns  on  the 
entrance  slit  of  a  1-m  McPherson  monochromator 
(model  225)  with  a  platinum-coated  concave  grating.  A 
channeltron  multiplier  was  operated  in  the  photon 
counting  modcv  The  discharge  chambers  and  the  VUV 
system  were  connected  by  a  three-stage  differential 
pumping  system.  For  more  information  see  Ref  [5] 

Plasma  diagnostics 

Due  to  the  low  electron  density  and  the  energetically 
high  lying  first  excited  state  of  the  helium  atom,  the 
state  of  the  plasma  is  strongly  non-LTE.  Therefore  the 
Boltzmann  and  Saha  equilibrium  relations  carmot  serve 
for  diagnostic  purposes.  The  temperature  of  the  heavy 
particles  was  derived  by  means  of  the  Doppler 
broadening  of  the  Hel  471.32  nm  triplet  measured  in  the 
minus  fifth  spectral  order  of  the  vis  system,  which 
results  in  an  profile  of  2.6  pm  of  the  2-m 
monochromator.  The  full  halfwidth  of  the  Doppler 
profile  amounts  at  least  to  5.0  pm  and  leads  to 
temperatures  between  2600  and  930  K  for  the  different 
pressure  values  from  30  to  1  hPa. 

The  electron  density  was  measured  by  the  Stark 
broadening  of  the  hydrogen  Balmer  P-line.  Deuterium 
was  filled  in  to  keep  the  Doppler  contribution  small.  A 
X^-fitting  procedure  was  performed  with  theoretical 
profiles  from  Ref  [6].  The  electron  densities  cover  the 
range  from  7.3  to  1.8  x  lO’’  cm'^. 

The  electron  temperature  was  determined  by  applying 
the  corona  balance  to  the  level  n=4  of  the  helium  ion. 
The  measurement  of  the  theoretically  well  known  rate 
coefficient  Xi4(T5)  of  this  hydrogen-like  system  via  the 
absolute  line  emission  coefficient  leads  to  accurate 
values  of  T^.  The  resulting  electron  temperatures  range 
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from  5.4  to  8.8  eV  for  the  pressure  values  given  above. 
For  more  details  see  Ref.  [7]. 


Measurements 

Tiie  following  collisional-radiative  model  was  used  for 
describing  the  on-axis  plasma  state: 
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Further  on,  the  ground  state  population  densities  n,  of 
NI  and  Nil  have  been  determined  by  nj  =  n^/ri^  via 
absolutely  measured  level  population  densities  n„.  The 
calculated  and  Maxwellian-averaged  collision  strengths 
have  been  inserted.  Reabsorption  was  taken  into 
account  by  multiplying  the  Einstein  coefficients  by 
the  corresponding  escape  factors  The  radial 

diffusion  of  the  metastable  particles  was  considered  by 
assigning  „dififusion-  A„u,‘s“  to  the  meta-state  to 
ground-state  transitions.  The  rate  coefficients  were 
obtained  by  applying  the  corona  balance  under 
consideration  of  the  cascade  processes  and  the 
population  contributions  originating  from  the 
metastable  states. 


Results 

The  rate  coefficients  Xin,  for  the  NI  transitions  from  the 
ground  state  2p^  to  the  3s  and  the  2p^  ‘*P  state  have 
been  found  to  be  significantly  smaller  than  earlier 
measured  coefficients  by  Stone  and  Zipf  [8],  as 
frequently  supposed  in  the  literature.  The  second  is 
plotted  in  Fig.  1  together  with  an  older  R-matrix 
calculation  from  [9]:  The  open  circles,  designated  by 
uncorrected,  show  the  rate  coefficient  without 
correction  for  the  cascade  and  meta  contributions. 

In  the  figures  2  and  3  coefficients  for  an  optical 
forbidden  transition  and  an  exchange  transition  in  Nil 
can  be  seen.  The  additional  curve  in  Fig.  2  belongs  to 
fine  structure  collision  strengths  publicated  by  [10]. 
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Electron-impact  ionization  and  dissociation 
of  molecules  are  very  important  processes  in  many 
applications  including  gas  discharges  and  plasmas. 
While  there  is  a  reasonably  broad  database  on  total 
and  partial  molecular  ionization  cross  sections  and 
on  cross  sections  for  dissociative  excitation  of 
molecules  (i.e.  for  the  formation  of  electronically 
excited  fragments),  there  is  essentially  no 
quantitative  information  available  on  cross  sections 
for  the  formation  of  state-selected  ions  and  there  is 
only  very  limited  information  on  cross  sections  for 
the  formation  of  neutral  ground-state  dissociation 
fragments.  This  lack  of  data  is  largely  due  to 
experimental  difBculties  in  the  detection  of  the 
reaction  products  (state-selected  ions  and  neutral 
ground-state  dissociation  products). 

We  have  completed  the  construction  and 
testing  of  a  triple  beam  apparatus  (crossed  electron 
beam,  gas  beam,  and  laser  beam)  for  the 
measurement  of  absolute  electron-impact  cross 
sections  for  the  formation  of  neutral  ground-state 
dissociation  fragments.  We  use  laser-induced 
fluorescence  (LIE)  techniques  to  pump  the 
dissociation  fragments  from  the  ground  state  to  an 
excited  state  and  observe  the  subsequent  spontaneous 
emission.  The  apparatus  is  also  suitable  to  measure 
absolute  cross  sections  for  the  formation  of  various 
state-selected  ions,  e.g.  N2*  ions  in  the  X  'Zg’’  ground 
state.  For  most  molecules,  the  total  ionization  cross 
section  (which  is  comparatively  easy  to  measure)  is 
virtually  identical  to  the  cross  section  for  the 
formation  of  the  molecular  ion  in  its  electronic 
ground  state,  since  the  cross  sections  for  forming 
ions  in  electronically  excited  states  are  typically  2 
orders  of  magnitude  smaller  than  cross  sections  for 
the  formation  of  ground-state  ions  [1].  However, 
this  is  not  the  case  for  Nj,  where  exited  molecular 
ions  are  formed  with  appreciable  cross  sections  [1], 
Therefore,  it  is  no  longer  justified  to  equate  the  total 
N2  ionization  cross  section  with  the  cross  section  for 
the  formation  of  N2*(  X  'Zg"^  ions. 

Our  triple-beam  beam  apparatps  consists  of 
an  electron  beam  with  the  following  characteristics: 
beam  energy  5  -  400  eV,  energy  spread  0.5  eV 
(FWHM),  beam  diameter  in  the  interaction  region  1- 
2  nun,  beam  current  up  to  10  pA  at  50  eV  for 


continuous  operation  (we  also  have  the  qnion  to 
pulse  the  electron  beam  with  beam  rise  and  Call  times 
of  about  10  ns).  The  target  gas  beam  (which 
intersects  the  electron  beam  at  right  angles)  is  an 
effusive  beam  emanating  from  a  multi-capillaiy 
nozzle  with  an  estimated  number  density  in  the 
interaction  region  of  1  -  5  x  lO’^  molecales/cm'^. 
The  laser  beam  (which  counteipropagates  the 
electron  beam)  is  produced  by  an  excimer^umped 
dye  laser.  The  XeQ  Excimer  laser  generates  8-10  n 
pulses  of  80-100  mJ  at  a  repetition  rate  of  20-100 
Hz.  The  dye  laser  (when  operated  with  Excalite 
392)  produces  pulses  of  about  4  mJ  with  a  line  width 
of  0.0015  nm  in  the  range  373  -  397  nm.  Optical 
detection  is  made  in  a  direction  perpendicular  to 
both  the  electron  beam  and  the  gas  bea^  The  entire 
triple-beam  set-up  is  housed  in  a  stainless-steel 
vacuum  chamber  pumped  ty  a  turbo-molecular 
pump  station  which  achieves  a  typical  b^giound 
pressure  of  1  x  10’’  Torr  which  rises  to  about  4  x  10" 
’  Torr  under  operating  conditions.  We  employ  gated 
photon  detection  techniques  to  record  the  LIF  signal. 
The  experiment  is  under  complete  computer  control. 

The  first  scries  of  measurements  were 
carried  out  irrvestigating  the  ionization  of  N2  and  the 
formation  of  N2^(  X  'Zg'^  ground-state  ions.  This 
was  done  to  avoid  initially  the  added  coirq)lications 
arising  from  dissociative  processes,  e.g.  fragments 
formed  with  excess  kinetic  energy.  In  the  N2 
measurements  the  laser  beam  was  tuned  to  punq)  the 
0-0  vibrational  band  of  the  X  -  B  transition  of  the 
N2*  ions  produced  by  electron-impact  ionization  of 
N2  at  391  nm  and  we  detected  the  0-1  vibrational 
band  at  427  nm.  By  scanning  the  laser  across  the 
rotational  lines  of  the  391  nm  band,  we  obtained  a 
rotationally  resolved  LIF  spectrum  of  the  0-0  band. 
Fig.  1  shows  a  portion  of  this  spectrum  near  the  head 
of  the  P-brancL  We  note  that  this  LIF  spectrum  was 
obtained  in  the  presence  of  the  continuous 
background  emission  produced  by  the  continuous 
electron  beam  (beam  energy  80  eV).  Preliminary 
studies  involving  a  pulsed  electron  beam  showed  that 
the  signal-to-noise  ratio  of  the  spectrum  in  Fig.  1  can 
be  improved  significantly  by  recording  the  LIF 
signal  only  during  periods  in  which  the  contimious 
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electron  beam  is  turned  ofif  (pulsed  electron  beam 
mode). 


The  LIF  spectrum  serves  as  the  basis  to 
extract  absolute  cross  sections  for  the  formation  of 
N2*(  X  'ig*)  ground-state  ions  as  a  function  of  the 
electron  energy.  This  requires  an  absolute 
calibration  of  the  relative  signal  which  can  be 
accomplished  by  e.g.  Raleigh  scattering  from  N2. 
LIF  measurements  with  a  gas  whose  photo¬ 
absorption  cross  section  is  well-known,  or  by 
studying  a  process  whose  electron-inqiact  cross 
section  is  well-known  and  can  serve  as  a  benchmark, 
or  by  carefully  characterizing  all  quantities  involved 
in  the  present  experiment  in  absolute  terms  (which  is 
perhaps  the  most  difficult  way  to  normalize  the 
relative  signal). 

A  detailed  discussion  of  all  aspects  of  the 
present  experiment  will  be  presented  at  the 
Conference.  Preliminary  values  of  the  cross  section 
for  the  formation  of  N2*(  X  'Sg*)  ground-state  ions 
will  also  be  presented  and  ffiture  directions  and 
potential  applications  for  this  experimental 
technique  will  be  discussed. 

This  work  was  supported  by  the  U.S. 
National  Science  Foundatioa 
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Fig.  1:  Routionally  Resolved  LIF  Spectrum  near  the 
Band  Head  of  the  Nj’’  P  Branch. 
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Silicon-organic  compounds  ate  widely  used 
in  a  variety  of  plasma-assisted  thin  film  deposition, 
polymerization,  and  sur&ce  modification  processes. 
Among  the  most  commonly  employed  Si-organics 
are  tetraethoxysilane  (TEOS),  Si(0-CH2-CH3)4, 
tetramethylsilane  (TMS),  SilCHs)^,  and 
hexamethyldisiloxane  (HMDSO),  (CHsls  -  Si  -  0  -  Si 
-  (CH3)3.  ColMonal  and  spectroscopic  data  for 
these  molecules  are  scarce  despite  the  need  for  such 
data  in  efforts  to  understand  and  model  the 
properties  of  these  plasmas  and  to  identify  the 
important  plasma-chemical  reaction  pathways. 
Previous  work  includes  the  measurement  of  absolute 
cross  sections  for  the  electron-impact  ionization  of 
TMS  and  TEOS  [1,2]  and  the  analj^  of  optical 
emissions  in  the  near  ultraviolet  and  visible  (200  - 
800  run)  produced  by  controlled  electron  impact  on 
TMS,  HMDSO,  and  TEOS  [3,4].  No  information  is 
available  on  the  production  of  energetic  photons  in 
the  vacuum  tiltraviolet  (VUV)  regime  (50  -  130  nm) 
by  electron  irrq)act  on  these  Si-organics.  Energetic 
VUV  photons  with  photon  energies  of  10  -  20  eV 
can  affect  plasma-assisted  deposition,  polymerization 
and  surface  modification  either  adversely  or 
favorably  (depending  on  the  particular  application). 

We  present  a  complete  accoimt  of  absolute 
photoemission  cross  sections  and  appearance 
energies  for  VUV  emissions  in  the  50  -  130  run 
range  produced  by  electron  impact  on  TEOS,  TMS, 
and  HMDSO  under  single  collision  conditions.  The 
experiments  were  carried  out  using  a  conventional 
crossed  electron-beam  -  (effusive)  gas  beam 
apparatus  in  conjunction  with  an  optical  detection 
system  consisting  of  a  VUV  monochromator  and  a 
charmel  electron  multiplier.  The  relative  calibration 
of  the  wavelength-dependent  sensitivity  of  the 
optical  detection  system  was  made  using  a 
comparison  of  measured  and  calculated  H2  emission 
spectra  in  the  wavelength  region  firom  80  -  130  nm 

[5] .  Absolute  cahbration  of  the  measured  cross 
sections  utilizes  the  well-known  cross  section  for  H 
Lyman-a  emission  following  electron  irhpact  on  H2 

[6] .  Further  details  of  the  procedure  and  a  detailed 
description  of  the  entire  apparatus  have  been  given 
previously  [3,4,7]. 

The  present  experiments  revealed  that  the 
only  electron-inq)act  produced  emissions  in  the  VUV 


firom  TEOS,  TMS,  and  HMDSO  of  appreciable 
intensity  are  the  Lyman  series  of  atomic  hydrogen  in 
the  wavelength  region  firom  about  90  nm  to  122  nm. 
Atomic  hydrogen  emissions  from  these  targets  were 
also  found  previously  in  the  visible  (the  H  Balmer 
series),  but  they  were  not  the  only  emissions  in  that 
region.  In  the  VUV,  no  other  emissions  with 
photoemission  cross  sections  larger  than  about  1  x 
10'^’  cm^  at  100  eV  were  found.  The  VUV  emission 
spectra  of  all  three  Si-organics  were  found  to  be  very 
similar.  As  an  example,  the  VUV  emission 
spectrum  produced  by  100  eV  electrons  on  TMS  is 
shown  in  fig  1.  The  emission  spectrum  has  been 
corrected  for  the  wavelength-dependent  detection 
sensitivity  of  our  detection  system.  The  Lyman-a,  p, 
and  y  lines  are  clearly  resolved  in  the  spectra, 
whereas  the  higher  members  of  the  Lyman  series 
could  not  be  resolved  with  the  given  spectral 
resolutioa 

Subsequently,  we  measured  relative  cross 
sections  of  the  strongest  emissions  fi^om  threshold  to 
about  200  eV  which  were  then  put  on  an  absolute 
scale.  Fig  2  shows  the  "relative  Lyman-a 
photoemission  cross  sections  firom  TMS  as  a 
function  of  electron  energy.  Similar  curves  were 
obtained  for  the  other  two  target  gases.  While  the 
absolute  cross  section  values  for  TMS  and  HMDSO 
were  foimd  to  be  quite  similar,  the  cross  sections  for 
TEOS  were  much  smaller,  similar  to  what  was 
observed  earlier  for  the  UVAdsible  photoemission 
cross  sections  fiom  TEOS,  in  particular  for  the 
Balmer  cross  sections.  Detailed  studies  of  the  VUV 
cross  section  shapes  in  the  near-threshold  regions 
revealed  prominent  structures  in  the  cross  section 
curves  (again  similar  to  the  Balmer  cross  section 
curves).  This  indicates  that  more  than  one  break-up 
mechanism  of  the  parent  molecule  contributes  to  a 
particular  emission  feature  (which  is  not  surprising 
in  view  of  the  conq)lex  molecular  structure  of  the 
target  species).  Furthermore,  we  foimd  evidence  that 
the  Lyman-a  cross  sections  in  all  cases  contained 
significant  cascade  contributions  fi^om  the  Balmer 
emissions.  An  attempt  is  underway  to  separate  the 
direct  contribution  from  the  cascade  contribution  for 
the  Lyman-a  lines. 

Similar  to  what  was  observed  earlier  for  the 
UVAdsible  photoemission  cross  sections,  the 
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measured  appearance  energies  for  the  Lyman  lin(>5 
indicate  that  in  all  cases  partial  fragmentation  of  the 
parent  molecule  is  the  most  likely  mechanism  by 
which  the  excited  H(n=2)  fragments  are  formed. 

This  work  was  supported  by  the  U.S. 
National  Science  Foundation. 
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Fig.  1:  TMS  Emission  Spectrum 


Fig.  2:  Lyman-a  Cross  Section  from  TMS. 
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NEGATIVE  ELECTRON  MOBILITY  IN  AriFi  MIXTURES. 

THE  DEPENDENCE  ON  THE  ARGON  MOMENTUM  TRANSFER 

CROSS  SECTION. 

A  Dyatko,  Capitelli  and  ^  A  P  Napartovich 

^  Troitsk  Institute  for  Innovation  and  Fusion  Research,  142092,  Troitsk,  Moscow  region,  Russia 
^  Centro  di  Studio  per  la  Chimica  dei  Plasmi  del  Consiglio  Nazionale  delle  Ricerche,  Dipartimento  di  Chimica, 


Universita  di  Bari,  Italy 

In  the  last  years  a  number  of  papers  have 
appeared  on  the  negative  mobility  (drift  velocity)  of 
electrons  in  low  temperature  plasmas,  in  particular  in 
Ar:Cl4  [1],  Ar:F2  [2]  and  AriNFs  [2]  mixtures.  The 
purpose  of  present  work  is  to  investigate  the  influence 
of  the  form  of  the  momentum  transfer  cross  section  of 
Ar  on  the  calculated  negative  electron  mobility  in  Ar:F2 
mixtures. 

The  investigation  was  made  by  solving  of  an 
appropriate  Boltzman  equation  for  the  electron  energy 
distribution  function.  Two  situations  were  considered: 
a)  steady  state  negative  electron  mobility  in  beam 
sustained  plasmas  (the  corresponding  Boltzmarm 
equation  and  method  of  numerical  solution  are 
described  in  [1]  );  b)  quasi  steady  state  negative 
electron  mobility  in  decaying  plasmas  (  Boltzmann 
equation  and  solution  method  are  described  in  [3]). 

All  calculations  were  carried  out  for  gas 
mixture  Ar:F2  =  1:0.005  at  room  temperature  (T=300 
K)  and  at  atmospheric  pressure.  In  the  case  a)  the 
electron  beam  current  4=0.05  A  cm'^  and  electron 
beam  energy  Ub=350  were  chosen.  For  the  sake  of 
completeness  we  also  calculate  electron  drift  velocity  in 
pure  At. 


Fig.  1  Momentum  transfer  cross  section  of  Ar  and 
attachment  cross  section  of  F2.  1  -  Qml,  2  -  Qmll,  3  - 
attachment  cross  section. 


E/N,  Vcm^ 

Fig.  2  Electron  drift  velocity  as  a  fimction  of  E/N  in 
pure  Ar  calculated  with  different  momentum  transfer 
cross  sections.  1  -  Qml,  2  -  Qmll 


Fig.  3  Electron  energy  distribution  function  in  electron 
beam  sustained  Ar:F2  plasmas  calculated  wdth  different 
momentum  transfer  cross  sections.  E/N  =  2.10"'*  Vcm^, 
1  -  Qml,  2  -  Qmll 
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-16  2 
E/N,  10  Vcm 

Fig.  4  Electron  drift  velocity  in  electron  beam 
sustained  AriFa  plasmas  calculated  with  different 
momentum  transfer  cross  sections.  1  -  Qml,  2  -  Q^II 


Fig.  5  Electron  drift  velocity  as  a  function  of  E/N  in 
decaying  Ar:F2  plasmas  calculated  with  different 
momentum  transfer  cross  sections.  1  -  Qml,  2  -  QraD- 


Two  momentum  transfer  cross  sections  of  Ar 
were  used  in  calculations:  Qml  -  [4]  and  Qmll  -  [5]  (see 
figure  1).  Cross  sections  for  F2  were  taken  from  [6]. 

Electron  drift  velocity,  Vd,  was  calculated  by 

formula: 


'^d  = 


1  E 


3  N 


2e<x> 

r 


#(«) 


m  du 

m 


-du. 


(I) 


where  f(u)  is  the  isotropic  part  of  the  distribution 
function,  e  and  m  are  the  electron  charge  and  mass 
respectively,  u  is  the  electron  energy  (eV),  N  is  the 


density  of  gas  atoms  and  E  is  the  electric  field  strength. 
Results  of  calculations  are  presented  in  figures  2-5. 

As  it  follows  from  figure  2,  in  the  case  of  pure 
Ar  calculated  Vd  is  practically  independent  of  the  choice 
OfQm 

In  the  case  of  the  beam  sustained  plasmas 
situation  is  completely  different  (see  figure  4).  The  drift 
velocity  changes  dramatically  when  the  cross  section 
(inff  instead  Qnl  is  used  in  calculations.  To  clarify  the 
reason  of  such  significant  changes  let  us  consider 
graphs  of  electron  energy  distribution  functions 
presented  in  figure  3.  As  it  follows  from  this  figure, 
distribution  functions  calculated  with  CJmff  and  Qml  are 
graphically  indistinguishable  and  have  a  maximum  at 
energies  about  2  eV.  The  reduction  in  the  value  of  f(u) 
at  low  energies  is  caused  by  the  removal  of  slow 
electrons  due  to  attachment  to  fluorine  (see  figure  1). 
From  equation  (1)  it  is  clear  that  electrons  at  energies 
where  the  distribution  function  has  a  positive  derivative 
(  u<  2eV  )  contribute  to  negative  mobility  and  electrons 
at  energies  where  the  distribution  fimction  has  a 
negative  derivative  (  u  >  2  eV  )  contribute  to  positive 
mobility.  The  resulting  value  of  electron  mobility 
depends  on  the  correlation  between  these  two  parts  of 
integral  (1).  In  such  a  case  mobility  may  be  very 
sensitive  to  small  variations  of  each  part.  According  to 
figure  1  graphs  of  (ini  and  Cinll  have  an  intersection  at 
energy  about  2eV,  Qmiftu)  >  Qmftu)  between  0.3  and  2 
eV  and  (iniftu)  <  (3ml(u)  between  2  and  10  eV.  Since 
f(u)  is  practically  the  same  in  both  cases  substitution  of 
Qml  by  (i„II  in  the  integral  (1)  leads  to  decreasing  (by 
absolute  value)  of  the  negative  part  of  integral  and  to 
increasing  of  the  positive  part.  As  a  result,  electron 
mobility  becomes  positive. 

As  it  follows  from  figure  5,  in  the  case  of 
decaying  plasmas  calculated  Va  is  also  sensitive  to  the 
form  of  the  momentum  transfer  cross  section. 

This  work  was  supported  by  Russian  Basic 
Research  Foundation  96-02-19265. 
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We  have  completed  a  critically  evaluated  synthesis  of  the 
available  information  on  cross  sections  and  rate 
coefficients  for  collisional  interactions  of  low  energy 
electrons  with  dichlorodifluoromethane  (CCljFj)  [1].  This 
gas  has  many  industrial  uses  and  is  of  significant 
atmospheric  and  environmental  interest.  While  the 
available  data  are  limited,  particularly  for  electron  collision 
cross  sections,  a  reasonably  complete  set  of  cross  sections 
and  transport  data  are  assembled. 

The  work  presented  here  includes  a  review,  an  assessment, 
and  a  discussion  of  the  following  processes  related  to 
electron  interactions  with  CCljFj:  (1)  electron  scattering, 
including  cross  sections  for  total  electron  scattering, 
momentum  transfer,  differential  elastic  electron  scattering, 
integral  elastic  electron  scattering,  and  inelastic  electron 
scattering  for  rotational  and  vibrational  (direct  and 
indirect)  excitation;  (2)  electron  impact  ionization, 
including  cross  sections  for  total,  partial,  and  double 
ionization,  and  coefficients  for  electron  impact  ionization; 
(3)  electron  attachment,  including  cross  sections,  rate 


constants,  and  coefficients,  and  their  energy  and 
temperature  dependencies,  dissociative  attachment 
fragment  anions,  and  negative  ion  states;  (4)  optical 
emission  under  electron  impact',  and  (5)  electron 
transport,  including  electron  drift  velocity  and  ratio  of 
transverse  electron  diffusion  coefficient  to  electron 
mobility. 

Figure  1  shows  the  cross  sections  (as  a  function  of  electron 
energy,  e)  for  total  electron  scattering,  total  direct 
vibrational  excitation,  integral  elastic  electron  scattering, 
total  ionization,  and  total  electron  attachment.  These  data 
are  based  primarily  upon  available  experimental  data. 
Stated  uncertainties  of  the  data  from  which  these  cross 
sections  were  derived  vary  from  ±5%  to  ±25%.  Other 
cross  sections,  not  presented  here,  due  to  space  limitations 
or  uncertain  reliability,  are  discussed  in  Ref.  [1]. 

The  stracture  in  the  total  electron  scattering  and  total 
electron  attachment  cross  sections  is  due  to  negative  ion 
resonances.  The  average  positions  of  these  resonances 


Fig.  1  Recommended  cross  sections  for:  total  electron  scattering,  CT5^  ,(e);  integral  elastic 
electron  scattering,  aj  i„,(s);  Bohr  dipole  approximation  of  total  direct  vibrational  excitation, 
cj„b,dir,t(£);  total  ionization,  aj,(8);  and  total  electron  attachment,  c7,,(e).  Values  for  cr ^  (e) 
and  cr^b,d, >,,(£)  are  from  Ref.  [3],  and  the  values  for  CTi  ,(E)  are  from  Ref.  [4].  Values  for  , 
and  are  synthesized  from  several  independent  measurements. 
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Fig.  2  Recommended  density-reduced  coefficients,  based  upon  several  experimental  measurements, 
for  electron  impact  ionization,  aJN-,  attachment,  r|/7V;  and  effective  ionization  {a.-r\)IN. 


(below  10  eV),  determined  from  the  results  of  a  number 
of  experimental  methods,  are:  0.9  eV,  2.5  eV,  3.5  eV,  6.2 
eV,  and  8.9  eV.  The  8.9  eV  resonance  lies  in  the  region 
of  electronic  excitation  and  most  likely  is  associated  with 
excited  electronic  states.  The  0.9  eV  resonance  is  likely 
to  be  due  to  the  lowest  negative  ion  state  which  has  a 
shallow  minimum  about  0.4  eV  below  the  zero-level,  as 
is  indicated  by  the  positive  value  of  the  adiabatic  electron 
affinity  of  CCljFj  reported  by  Dispert  and  Lacmann  [2]. 

The  CCljFj  molecule  fragments  rather  extensively  under 
electron  impact,  principally  via  dissociative  ionization 
and  dissociative  attachment;  the  latter  process  is 
temperature  dependent.  No  measurements  have  been 
made  to  investigate  dissociation  into  neutral  fragments. 

Figure  2  shows  a  plot  of  our  recommended  values  for  the 
coefficients  of  electron  attachment,  ionization,  and 
effective  ionization.  Stated  uncertainties  for  the 
coefficient  data  from  which  these  values  are  derived 
range  from  ±3%  to  ±15%.  Analysis  of  experimental 
measurements  indicates  that  the  effective  ionization  is 
zero  when  E/N  =  (371±5)xl0'^‘  Vm^  (one  standard 
deviation). 

The  data  in  Figs.  1  and  2  can  form  the  basis  of  Boltzmarm 
and/or  Monte  Carlo  calculations  to  determine  model- 
dependent  collision  cross  section  sets  for  this  molecule. 


Such  information  is  required  along  with  additional 
experimental  measurements  on  a  wide  range  of  electron 
collision  processes  for  this  molecule,  foremost  electron- 
impact  cross  sections  for  momentum  transfer  and 
dissociation  of  CCljFj  into  neutral  species. 

The  recommended  data  for  this  molecule,  and  for  CF^ 
(Ref.  [5])  and  CHFj  (Ref.  [6]),  can  be  found  on  the 
WWW  at  http://www.eeel.nist.gov/811/refdata. 
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1  Introduction. 

In  recent  experiments  with  glow  discharges  with 
hemispherical  symmetry,  the  radial  plasma  po¬ 
tential  profile  presents  succesive  double  layers 
joined  in  series  [1]  .  These  stairstep  electro¬ 
static  structures,  are  currently  termed  as  mul¬ 
tiple  double  layers.  The  plasma  potential  jumps 
separate  concentric  plasma  sheaths  with  different 
properties  and  the  outermost  double  layer  limits 
with  the  positive  column  of  the  discharge.  The 
electrons  collected  over  this  external  boundary 
of  the  structure  are  later  focused  over  a  cavity 
formed  anode  which  leaks  neutral  gas!  The  num¬ 
ber  of  double  layers,  or  equivalently,  the  quantity 
of  plasma  shells  in  the  structure  could  be  con¬ 
trolled  by  both,  the  discharge  current  and  mass 
flow  rate  [1]  . 

In  this  paper  we  discuss  the  structure  and 
properties  of  the  electron  energy  distribution 
functions  along  the  axis  of  symmetry  of  struc¬ 
tures  composed  by  two  or  three  succesive  double 
layers  which  constitute  the  boundary  between 
different  plasmas. The  properties  of  the  electric 
discharge  and  the  details  of  the  equipment  and 
thechniques  employed  are  described  in  Ref.  1. 

2  Experimental  results. 

In  Figure  1  we  represent  the  measured  plasma 
potential  profile  along  the  axis  of  symmetry  of 
the  structure.  The  thickness  of  the  plasma  po¬ 
tential  jump  of  the  double  layer  is  below  the  spa¬ 
tial  resolution  of  our  measurements'.  Then,  the 
detailed  struture  of  the  double  layer  voltage  drop 
could  not  be  resolved. 


Figure  1;  Radial  plasma  potential  profile 
and  electron  energy  distribution  functions 
for  different  points  along  the  radial  coor¬ 
dinate  X.  The  electron  density  f{E)  is  in 
arbitrary  units. 
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In  consequence,  the  electron  distribution  fuc- 
tions  were  obtained  from  the  voltage  cur¬ 
rent  characteristic  curves  of  collecting  Langmuir 
probes  at  points  where  the  plasma  potential 
could  be  clearly  determined  [1  -  5]  . 

The  distribution  factions  corresponding  to  the 
positive  column  corresponds  to  the  low  po¬ 
tential  values  of  Figure  1,  which  are  roughly 
Maxwellian.  The  discharge  current  in  this  case 
was  Id  =  40  mA  and  the  neutral  gas  mass 
flow  rate  0.83  seem  (standard  cubic  centimeters). 
The  electrons  are  accelerated  towards  the  anode 
crossing  the  first  plasma  potential  jump.  Then, 
inside  the  new  plasma  shell,  the  electron  distri¬ 
bution  function  spreads  and  later  splits  in  two 
different  peaks  as  the  electron  progress  towards 
the  anode.  The  low  energy  thermal  population 
grows  and  a  high  energy  group  of  electrons  ap¬ 
pear.  The  presence  of  this  peculiar  group  of 
electrons  was  evidenced  by  the  hnear  grown  of 
the  current  collected  with  the  bias  voltage  in  the 
characteristic  curves  of  the  Langmuir  probes  [4] 
.  The  energy  of  the  beam  and  peak  heigh  corre¬ 
sponding  to  this  electron  beam  component  was 
estimated  by  the  corresponding  knee  in  the  char¬ 
acteristic  curve  in  logarithmic  scale  ‘  [4]  . 

This  monoenergetic  population  becomes  more 
important  after  the  second  plasma  potential 
jump  where  three  different  populations  coexist. 
In  the  plasma  shell  closer  to  the  anode,  the  low 
energy  thermal  population  grows.  This  is  in  ac¬ 
cordance  with  the  increment  in  the  measured 
number  electron  density  rig.  In  addition,  two 
different  populations  appear,  a  high  energy  mo¬ 
noenergetic  population  and  a  small  intermediate 
energy  peak. 

3  Discusion  and  conclusions. 

We  conclude  that  electron  populations  at  the 
high  voltage  side  of  the  double  layer  presents  con¬ 
tains  different  groups  of  electrons.  First,  a  ther¬ 
mal  Maxerllian  component  and  groups  of  elec¬ 
trons  accelerated  by  the  double  layer  plasma  po¬ 
tential  drop.  Secondly,  a  growing  monoenergetic 
population  wich  becomes  more  important  as  the 
density  of  the  plasma  shell  is  increased.  On  the 


basis  of  our  experimental  data,  we  are  not  in  po¬ 
sition  to  determine  the  origin  of  this  beam  com¬ 
ponent.  These  monoenergetic  group  of  electrons 
is  not  present  in  the  positive  column  of  our  dis¬ 
charge  and  are  originated  by  the  multiple  double 
layer  structure.  We  conjecture  that  such  mo¬ 
noenergetic  electrons  would  be  generated  by  a 
mechanism  similar  to  the  so  called  hollow  cath¬ 
ode  effect  [6,  7]  .  The  double  layers  presented 
in  the  structure  are  tridimensional  and  electrons 
could  execute  a  pendulum  motion  between  both 
sides  of  the  plasma  potential  drop.  Several  mod¬ 
els  predict  that  the  final  result  of  this  process 
would  be  the  narrowing  of  the  electron  distribu¬ 
tion  corresponding  to  a  particular  goup  of  elec¬ 
trons  [6,  7]  . 
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1.  Introduction 

The  study  of  N2-O2  mixture  discharges  is  currently 
receiving  renewed  attention,  both  theoretical  and 
experimental,  because  of  its  implications  for 
environmental  issues,  chemical  synthesis,  material 
treatment  and  testing,  as  for  spacecraft  surface 
protective  materials.  Recent  research  work  on  this 
topic  is  devoted  to  DC,  microwave  and  rf  discharge 
investigation,  under  subsonic  and  supersonic  flow 
regimes,  both  experimental  and  theoretical  [1], 

The  kinetics  in  N2-O2  plasma  discharges  is 
rather  complex  since,  together  with  N2, 02,  N,  O,  NO, 
N2O,  NO2  ground  state  species,  numerous  excited 
states  are  produced  [1],  Because  of  this  complexity 
most  of  the  elementaiy  kinetics  have  been  studied  in 
afterglow  conditions  selecting  as  much  as  possible 
single  reaction  channels. 

One  such  process  among  the  many  is  the 
excitation  of  NOfA^E"^  by  collision  with  the  nitrogen 
triplet  metastable: 

N2(A,v)  +  NO(X)  ->  NO(A^2^  v’)  +  N2  (a) 

whose  observable  product  is  p+12Xthe  strong  NO-^ 
emission.  Levels  v  =  0,  1  and  2  of  the  metastable 
contribute  to  this  process,  and  excitation  of  levels  v’  = 
0, 1  of  NO(A)  has  been  observed  [2].  We  have  studied 
process  (a)  in  a  rf  pulsed  discharge  in  order  to  identify 
the  source  of  NO^  band  emission  in  our  system.  In 
this  contribution  we  present  the  evidence  that  process 
(a)  is  by  far  the  main  NO(A)  excitation  mechanism. 
To  this  end  we  have  used  a  Time-Resolved  Laser 
Induced  Fluorescence  (TRLIF)  technique  to  monitor 
the  temporal  behaviour  of  N2(A,v  =0,1,2)  and  of  NO 
in  the  post-discharge,  and  a  time-resolved  detection  of 
NO-y  band  emission.  Proper  correlation  of  the 
experimental  outcomes  provides  the  mentioned  result. 
A  practical  consequence  of  this  knowledge  is  that  the 
strong  y  band  emission  can  be  used  as  a  monitor  of  the 
nitrogen  triplet  metastable. 

2.  Experimental 

The  discharge  is  a  typical  parallel  plates,  capacitively 
coupled  configuration,  with  10  cm  id.  electrodes 
spaced  by  5.5  cm.  The  27  MHz  rf  excitation  is  fully 
modulat^  by  a  100  Hz  square  pulse.  We  have  used  for 


the  nitrogen  metastable  a  LIF  excitation-detection 
scheme  involving  the  Av=4  and  Av=3  sequences  of  the 
(A^Zy'*'  —  B^Hg)  First  Positive  System  transitions: 

(A,  v)  +  hvL  -*■  v+4)  (A,  v+1)  +  hv£ 

The  laser,  a  Nd-YAG  pumped  (fye  laser  with 
Rhodamine  640  and  610/640  delivers  30-40  mJ  at 
with  a  10  Hz  repetition  rate.  LIF  detection  of  NO(X, 
v=0)  level  has  been  achieved  by  the  excitation  of  (0,0) 
band  at  226.28  nm  and  detection  of  (0,1)  band  at 
236,33  nm  of  NO(A^2^  -  X^IT)  y  System.  The  proper 
laser  wavelength  is  obtained  by  a  non  linear  mixing 
technique,  in  which  R590  dye  is  pumped  by  the  second 
harmonic  of  the  Nd-YAG,  and  ^e  doubl^  dye  beam 
is  mixed  with  the  Nd-YAG  fundamental  beam  at  1.06 
pm.  BBO  ciystals  have  been  used  for  second  harmonic 
generation  and  mixing.  About  800  pJ  per  pulse  are 
obtained  at  the  required  wavelength. 

The  laser  operation  is  ^nchronised  to  the 
discharge  pulse,  and  the  laser  shot  is  fired  at  a 
computer  controlled  variable  delay  with  respect  to  the 
discharge  switch-off.  The  fluorescence  light  passes 
through  a  1  m  fl  monochromator,  is  revealed  by  a  fast 
side-on  photomultiplier,  and  measured  by  a  500 
Msamples/s,  300  MHz  Bw  digitizing  0-scope.  The 
phototube  supply  is  pulsed,  so  that  its  operation  is 
restricted  to  a  2-5  ps  window  synchronised  to  the  laser 
pulse.  This  allows  to  avoid  the  saturation  of  the  last 
dynodes  voltage  partitioners  due  to  the  discharge 
induced  continues  emission,  and  to  raise  the  saturation 
level  close  to  the  space  charge  limit.  This  is  veiy 
useful  in  this  case  since  the  discharge  emission  at  Lg 
is  comparable  to  the  fluorescence  intensity.  Further 
details  about  the  discharge  and  LIF  apparatus  can  be 
found  in  [3]. 

The  NO  y  band  emission  measurement  is 
achieved  by  the  0-scope  triggered  by  the  discharge 
pulse.  The  momochromator  is  tuned  to  one  of  the  two 
heads  of  the  (0,3)  band,  at  259.57  nm  of  the  (A^S^  ~ 
X^n)  y-system. 

3.  Results 

The  decay  of  N2(A,  v=0,l,2)  and  of  the  (0,3)  band  of 
NO  y-system  in  the  post-discharge  has  been  measured 
at  O2  percentages  in  the  mixture  in  the  range  0  -  23  % 
and  at  0.1  Torr  total  pressure.  All  the  decays  are  single 
exponential,  so  a  first  order  quenching  rate  can  be 
fitted  for  each  of  them.  It  is  important  to  underline  that 
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also  NO(A)  decay  is  single  exponential  with  a  quite 
large  time  constant  ( >100  ps),  with  complete  absence 
of  a  fast  component  (i.e.  with  a  time  constant  <  Ips) 
that  clearly  indicates  the  minor  role  of  electron  impact 
excitation  with  respect  to  collisional  excitation  by  long 
living  species.  In  order  to  compare  N2(A)  and  NO(A) 
decays,  the  decays  of  v=0,  1  and  2  levels  are  combined 
by  a  weighted  sum  and  a  resultant  decay  rate  is  then 
extracted.  The  weights  are  calculated  as  Ae  product  of 
the  branching  ratios  for  NO(A,v=0)  excitation  by 
levels  v=0,l,  2  of  the  metastable  [2]  and  the 
population  ratios  of  these  three  vibrational  levels, 
calculated  from  the  LIF  measurements  by  a  proper 
scaling  [4].  This  resultant  decay  rate  is  reported  in  fig. 
1,  and  represents  the  decay  rate  of  the  excitation 
source  of  NO(A,v=0)  by  process  (a).  The  y-band  decay 
must  be  also  corrected  according  the  time  evolution  of 
NO(X)  in  the  post-discharge  in  order  to  correlate  it  to 
the  decay  of  its  excitation  sources.  We  have  infact 
observed  by  LIF  that  NO  density  slightly  increases  in 
the  post-discharge,  as  shown  in  fig.  2.  Tfre  decay  rate 
of  NO  y-band  after  such  correction  is  reported  in  fig. 
1. 

A  clear  correlation  of  the  two  rates  in  fig.  1  for  all  the 

mixture  composition  indicates  process  (a)  as  the  most 

important  y-band  excitation  source.  Another  indication 

comes  from  verification  of  the  following  relation  that 

holds  in  case  of  process  (a)  for  each  N2-O2  mixture: 

Ir  » 

- - r-= - - r  =  const 

[NO]  2;W,[N2(A,v)] 

V 

where  I,  is  the  y-band  emission  intensity  and  Wv  are 
the  same  weight  described  above. 

A  final  note  concerns  the  rotational  excitation 
of  NO(A)  that,  as  it  comes  out  from  fitting  partially 
resolved  rotational  structure  of  (0,2)  and  (0,3)  bands, 
cannot  be  characterised  by  a  single  Boltzmaim 
temperature.  Population  of  high  J-levels  can  be 
characterised  by  significantly  higher  rotational 
temperature  than  low  J-levels.  Due  to  the  short 
radiative  time  (200  ns)  this  could  be  related  to  the 
excitation  mechanism  and  ofiers  interesting  matter  for 
flirther  investigation. 
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Fig.l  Decay  rates  of  the  combined  N2(A,v=0,l,2)  levels 
and  of  NO  y-band  corrected  by  NO(X)  time  evolution. 
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Fig.2  Examples  of  NO  density  behaviour  in  the  post¬ 
discharge 
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Collisional  deexcitation  of  excited  rare  gas  atoms  by 
atoms  and  molecules  is  of  great  importance  in  both 
fundamental  and  applied  sciences,  which  provides  the 
information  on  essential  features  of  chemical  reactions,  in 
particular,  those  including  electronic  energy  transfer  [1-4]. 
The  collisional  deexcitation  is  a  key  also  to  understand 
fundamental  processes  in  the  interaction  of  ionizing 
radiation  with  matter  and  the  phenomena  in  ionized  gases 
[3-5].  A  major  part  of  the  deexcitation  of  the  lowest 
excited  neon  and  helium  atoms  by  atoms  and  molecules, 
M,  is  ascribed  to  the  collisional  ionization  of  M  [1-5]. 

Collisional  deexcitation  processes  of  excited  neon 
atoms  have  not  been  extensively  studied  in  comparison 
with  those  of  excited  helium  atoms  [1-5].  Our  previous 
studies  of  the  collisional  deexcitation  of  excited  rare  gas 
atoms  have  shown  that  a  pulse  radiolysis  method  has  a 
clear  advantage  over  the  other  methods  such  as  flowing 
afterglow  and  beam  methods  to  obtain  absolute  rate 
constants  or  cross  sections  for  the  deexcitation  of  excited 
rare  gas  atoms  not  only  in  metastable  states  but  also  in 
resonant  states,[l,3-5]  the  collisional  deexcitation  of 
Ne(^j)  and  Ne(^P2)  by  M  (M  =  Ar,  Kr,  Xe,  and  N2)  has 
been  studied  in  detail  in  this  experiment.  The  temperature 
dependence  of  the  rate  constants  for  the  deexcitation  has 
been  measured  in  the  temperature  range  from  133  to  295K 
using  a  pulse  radiolysis  method  and  thus  the  collisional 
energy  dependence  of  the  deexcitation  cross  sections  is 
obtained. 

The  apparatus  and  procedure  in  the  present  pulse 
radiolysis  experiment  have  been  described  in  detail 
previously  [3-5].  Briefly,  after  an  irradiation  by  an  intense 
electron  beam  pulse  onto  a  mixture  of  Ne  with  a  trace 
amount  of  SFg  and  M  in  a  gas  cell,  the  time-resolved 
optical  absorption  of  [Ne(^P2);  lS4-*2p3]  at  607.43  nm 
was  measured,  thereby,  the  time  dependent  variation  of  the 
density  of  Ne(^j)  was  obtained  by  means  of  newly 
developed  absorption  law.  The  time-resolved  optical 
absorption  of  [Ne(^P2):  Isg  -*2pg]  at  633.44  nm  was  also 
measured.  A  trace  amount  of  SFg  was  added  to  remove 
thermal  electrons  produced  in  irradiated  sample  gases.  The 
cell  is  kept  within  the  error  limit  of  ±2  degree  at 
temperatures  ranging  from  room  temperature  to  133K. 


The  total  deexcitation  rate  of  Ne*,  t  is  written  as 

T  ^  =  To  ^  +  k5pg  [SFg]  +  kj^[M], 

where  [SFg]  and  [M]  are  the  densities  of  SFg  and  M  in 
Ne-SFg-M  system,  respectively.  The  slope  of  vs.  [M] 
plots  as  one  of  the  results  is  shown  in  Fig.  1  gives  the 
deexcitation  rate  constants,  kj^,  under  constant  [SFg].  The 
velocity  averaged  or  thermally  averaged  cross  section  is 
given  as  Oj^=  kj^(n:n/8kjjT)^^  at  a  mean  collisional 
energy,  E  =  (3/2)kgT,  where  fi,  kg,  and  T  are  the  reduced 
mass  of  Ne-M,  Boltzmann  constant,  and  absolute 
temperature,  respectively. 

The  obtained  experimental  cross  sections  for  the 
deexcitation  of  Ne(^2)  Ar>  Xe  and  N2  and 
Ne(^P2)  by  Ar,  Kr,  and  Xe  are  shown  in  Fig.  2  as  a 
function  of  mean  collisional  energy.  The  cross  sections  for 
Xe  are  clearly  larger  than  Ar  but  slightly  larger  than  Kr 
for  both  Ne(^Pj)  and  Ne(^2)-  hand,  the 

cross  sections  for  Xe  and  Kr  are  larger  than  N2  but 
slightly  smaller  than  Ar  for  Ne(^P2).  Since  the  deexcitation 
of  a  resonant  Ne(^Pj)  atom  both  contributions  from  an 
electron  exchange  interaction  and  a  dipole-dipole 
interaction  are  involved,  whereas  that  for  a  metastable 
Ne(^2)  mainly  ascribed  to  an  electron  exchange 

interaction.  However,  the  optical  oscillator  strength  for  a 
Nci^Pj-^^Sq  transition  is  veiy  small  (0.010)  in  comparison 
with  that  for  the  He:2^P-*'l^S  (0.276)  [6].  Thus  it  is  not 
likely  that  the  deexcitation  of  Ne(^2)  is  mainly  ascribed 
to  a  dipole-dipole  interaction.  That  is  why  the  cross 
sections  for  NepPj)  are  generally  a  little  larger  than  those 
of  Ne(^P2).  Moreover,  we  have  performed  the  optical 
model  calculation,  which  shows  that  an  electron  exchange 
interaction  plays  an  important  role  in  the  deexcitation  of 
Ne(^Pj)  in  collisions  with  Ar,  Kr,  Xe,  and  N2  as  one  of 
the  results  is  shown  in  Fig.  3  [7].  The  calculation  and 
comparison  of  the  present  experimental  results  indicates 
that  although  the  deexcitation  cross  sections  for  Ne(%’2) 
are  enhanced  by  a  weakly  allowed  dipole-dipole 
interaction,  the  deexcitation  processes  for  Ne(^P2)  and 
Ne(^P2)  are  dominated  by  collisional  ionization  induced  by 
an  electron-exchange  interaction. 
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Rg.  1 .  Kinetic  piots  of  the  totai  deexcitation 
rate  of  Ne(^Pi)  vs.  the  number  density  of  N2 


Rg.3.  The  experimental  cross  sections  for  the  deexcitation 
of  Ne(^Pi)  by  ♦  rNa-  The  total  Penning  ionization  cross 
sections  by  an  optical-model  calculation  of  — <7di>---  °ex> 
—  and  a  (jjgx  considering  the  dipole-dipole  interaction, 
the  electron  exchange  interaction,  and  both,  respectively, 
and  semi-classical  cross  sections, - owK- 


Rg.  2.  The  experimental  cross  sections  for  the 

•  -Ar.  ■  :Kr, .  ;Xe,  and  ♦  :N2 
and  N(^P2)  by  o  ■Ar,a  ;Kr  and  *  :Xe. 
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1  Introduction 

Electron  energy  loss  process  due  to  the  vibrar 
tional  collision  produces  a  peculiar  shape  in  elec¬ 
tron  energy  distribution  (EEDF)  in  low  pressure 
N2  discharges  The  effect  of  the  coUission 
process  is  strong  for  the  low  energy  range,  re¬ 
ducing  a  large  amount  of  low  energy  electrons,  so 
that  even  a  dip  structure  appears  about  at  3  eV 
in  EEPF  (electron  energy  probabiUty).  Such  a 
dip  structure  has  been  experimentally  observed 
in  a  kind  of  dc  glow  Na  discharges  as  well  as  in 
ECR  Na  plasmast^J.  Since  the  effect  of  vibra¬ 
tional  collision  process  depends  on  the  parame¬ 
ters,  for  instance,  the  gas  pressure  and  the  elec¬ 
tron  density,  the  EEPF  detection  over  a  wide 
range  of  parameters  may  stimulate  the  investi¬ 
gations  of  Na  discharge  plasmas. 

In  the  present  paper,  we  discribe  the  obser¬ 
vations  of  EEPF  in  a  diffused  Na  plasma  of  low 
pressure  dc  glow  discharges. 

2  Experiment 

Na  plasmas  generated  by  a  dc  discharge  between 
a  mesh  anode  and  hot  cathode  made  of  tung¬ 
sten  wire  of  0.3mm^  was  diffused  in  a  cylindri¬ 
cal  glass  chamber  with  85cm  length  and  llcm^. 
The  plasma  density  exponentially  decreased  to¬ 
ward  the  chamberend.  A  movable  cylindrical 
Langmuir  probe  with  12mm  length  and  O.lmm^ 
was  installed  in  the  plasma.  The  probe  current 
detected  as  a  function  of  a  rampwise  bias  voltage 
was  digitized  by  a  two  -  channel  A/D  convertor 
with  12  bits  resolution.  The  second  derivative  of 
the  current  with  respect  to  the  bias  voltage  was 
obtained  by  digital  filtering  technique  Ex¬ 
periment  was  performed  over  the  range  of  gas 
pressure p  from  2.0x  10~^Torr  to  2.2  x  lO~'^Torr 
and  discharge  current  Id  from  50mA  to  200mA, 
the  electron  density  rie  being  about  10^®[m“^]. 


Figure  1:  Dependence  of  EEPF  on  P,  where 
the  EEPF  is  normalized  by  unity. 
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Figure  3:  Variation  of  EEPF  along  the  ax¬ 
ial  direction,  wher  EEPF  aX  L  —  9.0cm  is 
normalized  by  unity. 

3  Results  and  Discussion 

Some  EEPFs  depending  on  p  are  shown  in  Fig  1, 
where  the  position  L  of  probe  was  7.0cm  from 
the  wall  end  of  chamber,  and  Id  =  lOQmA  . 
The  dip  on  EEPF  became  deep  with  p.  Such 
a  variation  of  dip  may  be  caused  by  the  in¬ 
crease  of  electron  energy  loss  due  to  the  vibra.- 
tional  collision  dependent  of  the  increase  in  N2 
molecules.  A  typical  dependence  of  EEPF  on 
Id  is  illustrated  in  Fig  2,  where  L  =  2.0cm  and 
p  =  2.0  X  10~^Torr.  This  figure  shows  that  the 
dip  became  shallow  with  Id-  The  increase  in 
with  increasing  Id  is  related  with  the  increase 
of  superelastic  collisions  between  electrons  and 
neutrals  with  lower  vibrational  levels,  eventually 
leading  to  fulling  the  dip.  An  axial  variation  of 
EEPF  is  shown  in  Fig  3,  where  p  —  8.1  x  10“^ 
Torr  and  Id  =  50mA.  The  dip  became  deep  with 
L.  The  density  rie  produced  by  the  dc  discharge 
(L  ~  9.0cm)  decreased  toward  the  wall  end  due 
to  the  particle  diffusion  as  shown  by  the  decrease 
in  the  total  area  of  EEPF.  The  axial  decrease  in 
Ue  may  contribute  to  reducing  the  superelastic 
collisions,  thus  enhancing  the  dip. 


Assuming  that  N2  density  is  the  Boltzmann  dis¬ 
tribution  and  the  V-V  and  V-T  reactions  can  be 
neglected,  we  can  obtain  simple  rate  equations 
for  1;  =  0  and  u  =  1.  Then  we  can  estimate  the 
vibrational  temperature  from  the  equations 
in  a  roughly  approximate  manner.  The  value  Ty 
estimated  was  about  2  x  10"*^^  °K 


4  Conclusion 

The  EEPF  was  observed  in  a  diffused  N2  plasma 
produced  by  a  dc  discharge  over  a  pressure  range 
from  2.0  x  10“®  to  2.2  x  10~^  Torr.  A  dip  in 
EEPF  detected  became  deep  with  the  increase  of 
pressure  and  the  decrease  of  the  electron  density 
as  well  as  the  increase  of  axial  distance  from  the 
discharge. 
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1.  Introduction 

Electron  multiplication  in  strong  electric  fields  is  the 
process  which  enables  detection  of  low-energy  ionizing 
radiation  by  a  proportional  counter.  It  is  characterized 
by  the  mean  gas  ampliOcation  factor  M,  and  depends 
on  the  type  of  the  gas  or  gas  mixture  and  its  pressure, 
on  the  counter  geometry  and  the  applied  high  voltage. 
The  physical  quantity  which  determines  the  gas 
amplification  is  die  ionization  coefficient  a,  defined  as 
the  number  of  secondary  electrons  formed  by  an 
electron  per  unit  pathlength.  Usually,  the  reduced 
ionization  coefficient,  a/P,  is  referred  to  as  a  function 
of  the  reduced  electric  field  strength  S=E/P,  where  P  is 
the  (total)  gas  pressure. 

In  uniform  electric  fields  (or  slowly-varying  non- 
uniform  fields)  the  a/P  for  a  gas  is  a  single  valued 
function  of  S.  The  reduced  gas  gain,  InM/K,  where 
K=V/ln(b/a)  (V  is  the  applied  high  voltage,  b  and  a  are 
cathode  and  anode  diameters,  respectively)  is  then  also 
a  single  valued  function  of  S  for  different  K  (or 
different  pressures  P).  However,  in  strong  electric  fields 
or  when  the  electric  field  over  an  electron  mean  free 
path  varies  significantly,  the  electron  cannot  reach  the 
equilibrium  with  the  field  [1].  Under  such  non- 
equilibrium  conditions  the  electron  transport 
parameters  including  a/P,  and  therefore  the  reduced 
gas  gain,  are  lower  than  expected. 

A  large  number  of  UV  photons  created  in  the  avalanche 
in  a  proportional  counter  filled  with  pure  rare  gases 
makes  such  counter  practically  imusable.  A  certain 
amount  of  a  quenching  admixture  has  to  be  added  to 
the  rare  gas  to  assure  a  good  proportional  counter 
operation.  If  the  amoimt  of  the  quenching  admixture  is 
not  high  enough,  then  the  non-quenched  photons  may 
cause  additional  avalanches  and  the  gas  gain  increases 
faster  than  exponentially  with  the  applied  high  voltage. 
The  deviations  from  the  straight  line  in  a  semi-log  plot 
{non-linear  effect)  in  gas  mixtures  limit  the  highest 
available  gas  gain.  The  purpose  of  this  work  is  to  find 
the  composition  of  argon-isobutane  mixture  which 
assures  complete  quenching,  and  to  determine  the 
ionization  coefficient  of  isobutane  and  mixtures  in  non- 
uniform  electric  fields. 

2.  Experiment 

A  cylindrical  stainless  steel  proportional  counter 
specially  designed  for  low-energy  X-ray  measurements 
was  us^  [2-4].  The  anode  radius  was  12.5  pm,  and 
that  of  the  cathode  25  mm.  The  55Fe  was  used  as  a 
source  of  photons  having  5.89  keV.  Pure  isobutane 
(>99.95%)  and  argon-isobutane  mixtures  of  various 
concentrations  (between  2.2  and  50%)  at  total  pressures 


10,  20,  30,  60  and  90  kPa  were  used  as  counting  gases. 
The  range  of  the  reduced  electric  field  strength  at  the 
anode  siuface  (Sg)  covered  by  the  experiment  was 
5x104-  1.4x106  Vm-ikPa-i. 

3.  Results 

3.1.  Gas  amplification 

An  example  of  gas  gain  curves  for  argon-isobutane 
mixtures  at  P  =  30kPa  is  shown  in  Fig,  1.  In  pure 
isobutane  at  all  pressures  the  gas  amplification  is  an 
exponential  function  of  the  applied  voltage  in  the  whole 
range  of  gas  gains,  10<M<3xl04.  In  mixtures,  gas  gain 
obtained  with  the  same  applied  high  voltage  decreases 
with  the  increase  of  isobutane  concentration.  The  slopes 
of  the  gas  gain  curves  decrease  with  the  increase  of 
isobutane  concentration  for  constant  total  pressure.  The 
slopes  also  decrease  with  the  increase  of  total  pressure 
for  constant  concentration  fraction. 


Fig.  1.  Gas  gain  curves  for  isobutane  and  argon- 
isobutane  mixtures  at  total  pressme  of  30  kPa. 


In  mixtures  with  low  isobutane  concentration  a  fast 
increase  of  the  gas  gain  with  the  high  voltage  is 
observed.  The  range  of  the  linearity  of  the  gas  gain  in  a 
semi-log  plot  narrows  with  the  decrease  of  isobutane 
partial  pressure.  The  highest  gas  gain  still  in  the  range 
of  linear  dependence,  Mq,  is  shown  in  Fig.  2.  as  a 
function  of  the  isobutane  partial  pressme  p.  No 
deviation  of  the  gas  gain  from  the  straight  line  is 
observed  for  isobutane  partial  pressme  larger  than 
approximately  lOkPa,  and  Mq- 2x104  for  these 
relatively  large  partial  pressmes.  The  data  for  lower 
partial  pressures  (1-10  kPa)  can  be  fitted  by  a  function 

Mo  =  D  (p/kPa)C  (1) 

where  C  and  D  are  fitting  coefficients  (C  =  1.56±0.09, 
D  =  760). 


XXni  ICPIG  ( Toulouse,  France )  17  -  22  July  1997 


1-79 


Fig.  2.  Maximum  gas  gain  that  allows  for  exponential 
dependence  of  the  gas  gain  on  the  applied  high  voltage. 
Mo,  v^.  isobutane  partial  pressure. 

The  plot  of  the  reduced  gas  gain,  ItiM/K,  obtained 
under  various  pressures  vs.  Sa  does  not  result  in  a 
single  curve  neither  for  pure  isobutane  nor  for  any 
mixture.  For  a  constant  Sa  value,  the  reduced  gas  gain 
is  lower  for  smaller  gas  pressmes  than  for  larger  ones. 
This  is  typical  of  non-equilibrium  effect.  In  pure 
isobutane  the  non-equilibrium  effect  is  observed  at 
Sa>3xl05  Vm’^kPa*^,  while  in  mixtures  the 
corresponding  electric  field  strengths  are  lower  and 
decrease  with  the  decreasing  isobutane  concentration. 

3.2.  Ionization  coefficient 

Gas  gain  can  be  calculated  if  the  ionization  coefficient 
a/p  is  modeled  as  a  fuifction  of  S.  Various  such  models 
can  be  found  in  the  literature,  but  they  have  all  been 
developed  for  conditions  which  result  in  the 
equilibrium  of  electrons  with  the  electric  field  [1,5). 
Recently,  Segur  et  al.  [1]  have  modified  the  gas  gain 
models  by  taking  into  account  the  non-equilibrium 
effects.  The  obtained  ionization  coefficient  has  a  form 

o/P  =  A(K)  exp[-B(K)/S]  (2) 

where  both  A  and  B  coefficients  are  explicit  functions 
of  the  electric  field  gradient  K.  The  mean  gas 
amplification  factor  is  then 

InM/K  =  A(K)/B(K)  exp[-B(K)/S J .  (3) 

The  coefficients  can  be  obtained  from  the  measured  gas 
gain  data  if  ln(lnM/K)  is  plotted  vx  Sa*^.  The  present 
data  result  in  linear  plots  for  all  studied  gases  (for 
mixtures  only  gas  gains  smaller  than  Mq  were 
considered  in  the  analysis),  confirming  the  relation  (2). 
The  slope  of  the  lines  changed  with  the  gas  pressure. 
The  coefficients  A  and  B  were  determined  for  each 
pressure  separately.  It  is  found  that  both  coefficients 
decrease  with  the  increase  of  the  total  gas  pressme,  and 
for  a  constant  total  pressure  both  increase  with  the 
increase  of  isobutane  concentration.  The  effective 
ionization  potential  V|=B/A  increases  with  the  increase 
of  total  pressme,  and  for  low  isobutane  concentrations 
it  reaches  the  ionization  potential  of  isobutane. 

The  ionization  coefficient  o/P  obtained  for  pure 
isobutane  is  shown  in  Fig.  3.  For  comparison, 
experimental  values  obtained  in  imiform  electric  fields 


[6-8]  and  values  calculated  under  equilibrium 
conditions  [1]  are  also  shown.  No  significant 
differences  among  various  data  sets  are  observed  for 
Sa<4xl05  Vm-ikPa-i.  In  higher  fields,  the  highest  o/P 
values  are  the  calculated  ones  [1],  while  the  measured 
data  in  uniform  fields  [6]  are  lower,  indicating  onset  of 
the  non-equilibrium  effects.  Our  a/P  curves  follow 
generally  the  equilibrium  curve  only  for  low  gains  at 
the  same  pressme,  while  at  higher  gains  they  increase 
more  slowly  and  are  below  the  equilibrium  curve.  A 
similar  behavior  of  o/P  is  observed  also  in  mixtures  of 
the  same  isobutane  concentration  at  different  pressures. 


Fig.  3.  Reduced  ionization  coefficient  o/P  in  isobutane 
compared  to  other  experimental  and  theoretical  results. 


An  interesting  behavior  of  o/P  in  argon-isobutane 
mixtures  is  observed.  For  a  constant  S,  value,  o/P 
increases  with  the  decrease  of  isobutane  concentration 
only  at  relatively  low  S*,  and  at  some  value  of  the  field 
o/P  starts  to  increase  with  the  increase  of  isobutane 
concentration.  The  crossing  point  of  o/P  curves  is 
observed  at  about  1,  1.5,  2.5  and  4x10*  Vm-ikPa-i  for 
total  pressures  90,  60,  30  and  10  kPa,  respectively. 

4.  Conclusion 

The  isobutane  partial  pressiure  of  10  kPa  regardless  of 
the  total  pressure  is  necessary  to  assure  a  complete 
quenching  of  UV  photons  in  argon-isobutane  mixtures 
and  to  enable  gas  gains  above  lO^.  The  ionization 
coefficient  o/P  under  non-equilibrium  conditions  is 
obtained  for  pure  isobutane  and  various  argon- 
isobutane  mixtines. 

Work  supported  by  the  Alexander-von-Humboldt  Stiftung. 

References 

[1]  P.  Segur,  P.  Olko,  P.  Colautti,  Radiat.  Prot.  Dosim. 
61/4(1995)323 

[2]  D.  Srdoe,  B.Clark,  Nucl.  Instr.  Meth.  78  (1970)  305 

[3]  I.  Krajcar  Bronic,  RadiaL  Prot.  Dosim.  61  (1995)  263 

[4]  I.  Krajcar  Bronic,  B.  Grosswendt,  Nucl.  Instr.  Meth. 
B  117  (1996)  5 

[5]  T.  Aoyama,  Nucl.  Instr.  Meth.  A  234  (1985)  125 

[6]  A.E.D.  Heylen,  Int.  J.  Electr.  39  (1975)  653 

[7]  O.H.  LeBlanc,  Jun.,  J.C.  Devins,  Nature,  London, 
188  (1960)  219 

[8]  C.  Lu,  K.T.  McDonald,  Y.  Zhu,  Nucl.  Instr.  Meth. 
A  334  (1993)  328 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


1-80 
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The  role  of  electron-electron  collisions  in 
electron  energy  distribution  function 
(EEDF)  formation  in  gas-discharge  plasma, 
when  electron  average  energy  differs  from 
gas  temperature  because  of  external  electric 
field,  was  thoroughly  analyzed  in  [1,2].  It 
was  proved  that  plasma  ionization  degree 
considerably  influences  on  electrons 
mobility  in  case  when  cross  section  of 
elastic  electron-atom  collisions  non- 
monotonously  depends  on  energy  (heavy 
inert  gases). 

In  resonant  laser-induced  plasma  the 
main  mechanism  of  electrons  heating  are 
superelastic  collisions  with  excited  atoms.  In 
most  experiments  resonant  transition  during 
laser  pulse  is  brought  to  saturation  (P  = 
goNi/giNo=^\,  where  A,  and  gr  concentration 
and  statistical  weight  of  the  ground  state 
(/=0)  and  resonant  excited  state  (i=l)). 
Relatively  high  density  of  resonant  excited 
states  (ri~10-20%)  may  be  conserved  until 
~1  ps  because  of  radiation  trapping.  A 
problem  of  electron  mobility  in  laser 
afterglow  plasma  through  the  time  range  of 
excited  atoms  relaxation  was  not  previously 
studied  in  details. 


This  work  reports  a  parametric 
simulation  of  electron  mobility  in  (Na  -t-  He) 
and  (Na  +  Ar)  mixtures  by  various 
ionization  degree  y,  components 
concentrations  and  resonant  excited  sodium 
atoms  density  (correlating  with  experimental 
conditions  of  [3]).  Nurherical  simulation  of 
kinetic  equation  was  performed  taking  into 
account  electron-electron  and  elastic 
electron-atom  collisions,  excitation  and  de¬ 
excitation  by  electron  impact  of  resonant  Na 
(3P)  states.  Electron  mobility  p  versus 
buffer  gas  (He  and  Ar)  pressure  is  presented 
in  Fig.l,  Fig. 2. 

The  obtained  results  -show  that  for 
Maxwellian  distribution  (dominant  role  of 
Coulomb  collisions  in  EEDF  formation) 
electron  mobility  in  (Na  -I-  Ar)  mixture 
exceeds  for  several  times  the  one  in  (Na  + 
He)  mixture  (curves  5,6  Fig.l,  7,8  Fig. 2). 
This  effect  is  sufficiently  explained  by  the 
fact  that  the  cross-section  of  elastic 
collisions  in  Ar  is  smaller  than  the  one  in  He 
through  the  considered  electron  energy 
range  (0.1-1  eV). 

When  the  ionization  degree  is  lower  that 
10"  the  elastic  collisions  with  buffer  gas 
atoms  and  inelastic  collisions  with  excited 
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Fig.l 

Na  atoms  notably  affects  EEDF  shape 
leading  to  non-equilibrium  distribution.  In 
this  case  electron  mobility  in  (Na  -i-  Ar) 
mixture  becames  non-monotonous  and 
reveals  a  drop  for  an  order  of  magnitude 
(curve  3  Fig.l,  curve  2  Fig.2),  while  in  (Na 
+  He)  mixture  the  mobility  continuously 
increases  and  may  exceed  the  mobility  in 
Ar.  This  obvious  contrast  in  electron 
behaviour  may  be  explained  by  different 
shape  of  elastic  electron-atom  collision 
cross-section  in  Ar  and  He.  In  Ar  the  cross 
section  increases  over  (0.3-9)  eV.  Due  to 
superelastic  collisions  with  excited  Na 
atoms  a  considerable  part  of  electrons  got 
into  this  energy  range;  consequently,  the 
mobility  drops.  On  the  contrary,  in  mixture 
with  He,  where  elastic  collision  cross- 
section  reveals  a  very  week  energy 
dependence,  the  electron  mobility  practically 
remains  the  same  (curves  5,6  Fig.l,  curves 
3,4  Fig.2). 

In  [3]  the  measurements  of 
photoionization  current  in  Na  ihixture  with 
He,  Ne,  Ar  at  (1-300)  Torr  inert  gas  pressure 


were  performed.  It  was  established  that  by 
similar  experimental  conditions  the  electron 
current  in  (Na+He)  and  (Na  -i-  Ne)  mixtures 
is  always  higher  than  the  one  in  (Na  +  Ar). 
Supposing  Maxwellian  distribution  function 
the  authors  explained  that  effect  by  some 
complicated  plasma-chemical  reactions. 

The  present  simulation  clearly 
demonstrates  that  the  observed  decrease  of 
photoplasma  electron  current  may  be  caused 
by  a  drop  of  electron  mobility  in  (Na  +  Ar) 
mixture  caused  by  non-equilibrium  EEDF 
shape.  This  effect  may  be  rather  significant 
and  should  be  taken  into  account  when 
plasma  conductivity  is  considered. 

The  authors  gratefully  acknowledge  Dr. 
T.Stasewicz  for  useful  discussions. 
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Low  temperature  recombining  plasma 
arises  in  many  practically  interesting  cases 
like  laser  ablation  plume,  active  media  of 
powerful  gas  lasers,  flash  lamps  etc.  Such  a 
plasma  presents  numerous  intriguing 
phenomena.  Among  the  most  important 
ones  are  oscillations  of  electron 
temperature  Te  and  concentration  Ne  during 
recombination.  These  oscillations  were 
registered  experimentally  in  Ar  afterglow 
discharge  [1].  Similar  unmonotous  Te 
relaxation  was  obtained  by  numeric 
modeling  of  helium  afterglow  plasma  [2] . 

In  the  reported  experiments  the  Te 
oscillations  were  observed  in  plasma 
generated  optically  in  dense  rubidium 
vapour  (10‘^-10‘^  cm'^)  with  several  Torr  of 
He  as  buffer  gas.  The  vapour  was  ionized 
by  nanosecond  laser  pulses  mned  to  the  Rb 
5S— >6P  transition.  The  electron 
temperamre  was  measured  by  Langmuir 
probe.  The  oscillations  were  usually 
observed  for  certain  vapour  densities  and 
certain  laser  power  corresponding  to  initial 
electron  density  of  the  order  10"-10‘^  cm'^ 
Fig.l  presents  a  typical  experimental  result. 


In  order  to  find  the  criteria  of  the 
oscillations  arise  and  to  evaluate  their 
damping  factor  a  self-consistent  system  of 
differential  equations  for  the  electron 
temperature  Te  as  well  as  population  of 
resonance  atomic  level  Ni  and  higher 
excited  level  N2  was  considered: 

dTe/dt  =  -Vea(Te)(re-Ta)- 
-eoiPoi  (Te)No+^I^lo(T 
dNi  /dt= -/3io(r ’)NiNe + yS?;  (T !)NoNe  +A2JN2 
dN2/at  =  -A2lN2+(XrecTe-^'^Ne^N^ 
Here  Vea  describes  rate  of  energy  losses 
for  elastic  atomic  collisions,  Ta  -  atomic 
temperature,  -  effective  energy 

(depending  on  the  ionization  degree) 
transferred  to  the  electron  gas  due  to  the 
excited  level  depopulation,  eoi  -  resonance 
level  excitation  threshold,  fioi  and  Pio  are 
excitation  and  deexcitation  rate  constants 
respectively  and  ccrec  denotes  rate  of  three 
body  electron  recombination  with  positive 
atomic  ions  . 

The  effective  relaxation  rate  A21  of  the 
N2  excited  level  is  determined  by  multiple 
radiative  processes.  The  A21  value  is 
calculated  as  a  total  probability  of  the  N2 
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Fig.l 

radiative  decay  via  numerous  intermediate 
states  between  Ni  and  N2.  Two  groups  of 
the  higher  excited  N2  levels  were 
considered,  depending  on  the  collisional  or 
the  radiative  character  of  kinetics 
governing  their  population  [3] . 

We  started  out  the  modeling  with  a 
simpler  case  for  a  pure  Ar  plasma,  where 
Pw  is  a  constant  and  the  direct  excitation 
from  the  ground  state  can  be  neglected 
(Te<  <€01).  Phase  plane  portrait  (Te,N2)  of 
the  equations  system  is  shown  in  Fig.  2. 
Simulations  were  performed  for  three 
different  effective  rates  {A21)  of  the 
radiative  relaxation  of  the  N2  excited  level, 
but  for  the  same  initial  conditions  (point  A 
in  Fig. 2). 

The  following  results  are  reported: 

1.  The  relaxation  character  strongly 
depends  on  the  A21  value.  The  oscillating 
character  is  observed  only  for  the  A21  about 
10^  s  ',  while  for  the  other  A21  values  the  Te 
evaluates  without  oscillations. 

2.  The  oscillations  mainly  arise  due  to 


''«=  ‘0*  Pio=  4x10-'®  N,=  2.5x10'^ 


a  strong  nonlinear  dependence  of  the  three- 
particles  recombination  from  the  Te.  The 
decline  of  the  Te  causes  the  increase  of  the 
excited  level  population.  Consequently,  it 
may  lead  to  free  electrons  heating  by 
inelastic  collisions  of  II  kind. 

1 .  Oscillations  occur  only  when  certain 
phase  conditions  between  the  higher  excited 
N2  level  and  the  resonance  Ni  level 
populations  (which  play  the  main  role  in  Te 
balance)  are  fulfilled.  Fig. 2  demonstrates 
that  the  minimal  damping  of  the  oscillations 
occurs  when  the  electron  energy  looses 
coefficient  and  the  A21  value  are 
approximately  equal. 
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Isomerization  of  HCN'*'  to  CNH'*'  via  ion  molecule  reactions 

A.  Hansel,  M.  Glanschnig,  Ch.  Scheiring,  W.  'Lindinger 
Institut  fur  lonenphysik,  Technikerstr.  25,  6020  Innsbruck,  Austria 

E.E.  Ferguson 

NOOA,  Boulder,  Colorado,  USA 

While  thermodynamic  data  on  the  HCN'*'  /  HCN  ions  were  the  lowest  energy  isomer,  CNH‘^(v- 

system  are  known  with  good  accuracy  AH  (HCN)  This  was  easily  accomplished  by  reactions  wi; 

=  31.5  ±  1  kcal/mol  [1],  IP(HCN)  =  13.60  ±  0.01  CO  or  CO2  which  efficiently  isomerize  HCN"*" 

eV  [2],  the  values  of  the  CNH'*'  /  CNH  isomers  are  CNH‘*‘(see  below).  From  the  energy  dependence  - 

still  in  question.  In  the  present  selected  ion  flow  the  endothermic  reactions  of  CNH'^(v=0)  with  C' 

drift  tube  study  the  two  isomeric  ions  HCN'*'  and  and  Xe  we  could  establish  the  heat  of  formatio 

CNH'*'  were  distinguished  by  the  use  of  monitor  AH  (CNH'*')  =  327  ±  1  kcal/mol,  the  ionizatio 

gases,  SFs,  CF4,  O2  and  Xe  which  react  differently  potential  IP(CNH)  =  12.04  ±  0.01  eV  and  the  ht- 

with  the  two  isomers  [4]  .  The  first  part  of  the  of  formation  of  the  neutral  AH  (CNH)  =  49  ± 

present  study  involved  two  reactions  for  which  it  kcal/mol.  The  energy  levels  are  summarized  in  t 

was  only  necessary  to  assure  that  the  mass  27'*'  1. 

v,=  0.22  eV,  v,=  0.09  eV,  v,-0.38  eV 

V|=0.27eV,v,-0.08eV,v,=  0,42eV 


HCN 


Fig.  1  Energy  level  diagram  of  HCN'*'  and  CNH"*".  The  energy  spacing  of  the  three  vibrational  modes  (v; 

''3)  (values  taken  from  Forney  et  al.  [3]  and  references  therein)  is  given  for  both  isomeric  structures 
together  with  the  energy  thresholds  of  the  monitors  CF4,  Xe,  and  SFg. 
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The  second  part  of  the  present  investigation  is  a 
continuation  of  a  study  of  HCN'^/CNIT''  ion 
chemistry  carried  out  earlier  in  Christchurch  [4], 
In  that  study,  carried  out  only  at  thermal  (~  300  K) 
energy,  it  was  found  that  HCN"^  is  efficiently 
isomerized  to  the  more  stable  isomer  CNH"^  by 
reactions  with  both  CO  and  CO2.  It  was 
speculated  that  the  reaction  mechanism  was  a 
"forth  and  back"  proton  transfer;  first  (step  la) 
exothermic  proton  transfer  from  the  C  atom  of 
HCN'^  to  CO  (or  CO2),  followed  by  another 
exothermic  proton  transfer  back  (step  lb)  to  the  N 
atom  to  produce  CNIf^  in  the  collision  complex  of 
the  reaction. 

NCH*  +  CO2  ^  (nC  -H*  -CO^')  la 

(CN--  H^ -C02)^CNH^ +CO2  lb 

It  was  suggested  that  a  test  of  the  model  could  be 
obtained  by  studying  the  kinetic  energy 
dependence  of  the  reaction,  the  idea  being  that  as 


the  collision  energy  is  increased  the  lifetime  of  the 
collision  complex  will  be  decreased  leading  to  a 
lower  probability  of  the  reverse  proton  transfer 
and  hence  a  decrease  in  HNC"^  product  and  an 
increase  in  HCO^  (or  HCO2'*')  product. 

The  present  investigation  reports 
measurements  providing  this  test  which  support 
the  proposed  model.  A  similar  isomerization 
mechanism  is  expected  to  occur  for  any  molecule 
M  having  a  proton  affinity  such  that  both  forward 
and  reverse  proton  transfers  are  exothermic,  i.e. 
PA  (CN  at  C)  <  PA(M)  <PA(CN  at  N)  if  HCN+ 
does  not  otherwise  react  with  M. 
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Introduction 

The  electronegative  gase  plasma  are  widely  used  in 
many  applications  in  microtechnology.The  complicated 
processes  in  the  plasma  volume  and  on  wall  surface 
make  its  understanding  more  difiBcult.  The  difficulties 
in  the  smdy  of  mechanisms  of  various  processes  in  the 
low  pressure  electronegative  plasma  are  due  to 
insufficient  information  about  the  spatial  profiles  of 
charged  particles  (electrons,  positive  and  negative  ions) 
and  about  the  electron  distribution  function  (EDF), 
which  can  be  spatially  nonlocal  at  low  pressure.  In 
strong  electronegative  gases  ,e.g.  CF4  ,  the  spatial 
profiles  of  negative  ions  produced  at  electron 
attachment,  are  determined  by  the  ion  diffusion  .  The 
ion  heating  in  high  electric  field  increases  the  ion 
diffusion  and  significantly  changed  the  charge  particle 
profiles  [1].  Oxygen  is  the  weakly  electronegative  gas 
.The  unique  characteristics  of  oxygen  discharge  is 
connected  with  the  electron  production  at  associative 
detachment  in  the  reactions  between  negative  ions  and 
active  particles  (  atomic  oxygen  and  excited  metastable 
molecules  of  02(a  'Ag) ).  It  has  been  shown  in  [2]  that 
the  02(a  'Ag)  molecules  determine  the  RF  discharge 
structure.  This  report  is  devoted  to  an  investigation  of 
the  effect  of  ion  diffusion  and  detachment  processes  on 
the  spatial  distribution  of  negative  ions  ■  in  positive 
column  of  oxygen  DC  glow  discharge. 

Experiment 

The  expirements  were  carried  out  in  a  glass  tube  of  12 
mm  diameter  at  pressures  of  0.15-1.5  Torr  and  at 
discharge  current  densities  of  5-30  mA/cm^  .  Both  the 
concentrations  of  the  singlet  and  atomic  oxygen  ,  and 
the  radial  and  axial  electric  field  were  measured  [3,4J. 
The  negative  ions  were  detected  by  a  laser 
photodetachment  method.  We  used  the  emission  of  a 
Cu-vapor  pulse  laser  on  the  wavelength  of  X,=510.8  nm 
with  the  repetion  rate  of  8  kHz  and  one  pulse  energy  of 
0.4  mJ.  The  photoelectrones  were  collected  by  a 
moveable  probe  of  0.3  mm  diameter  and  1.2  mm 
length.  The  laser  emission  was  collected  by  collimator 
in  a  1.5  mm  diameter  parallel  beam  and  then  was 
entered  into  discharge  tube  along  the  tube  diameter 
line.  The  trajectory  of  probe  movement  coincided  with 
the  axis  of  a  laser  beam.The  laser  beam  was  modulated 
by  the  chopper  at  frequency  of  240  Hz.  The  charge 
collected  by  probe  was  detected  using  the  charge- 
sensitive  amplifier  and  lock-in  amplifier. 

The  probe  potential  was  scanned  with  a  130 
mV  step  by  using  the  lock-in  amplifier  internal  DAC 


charmel,  the  scan  time  step  being  always  more  a  time 
constant  of 

lock-in  amplifier.  The  J-V  (current-voltage)  probe 
characteristics  of  photodetached  electrons  depended  on 
probe  position.  All  J-V  characteristics  for  the  different 
spatial  points  were  correlated  with  the  appropriate  plasma 
potential .  The  plasma  potential  taken  on  respect  to  the  one 
of  anode  for  each  probe  position  was  determined  by  the 
maximum  of  the  first  derivative  from  the  probe 
characteristics.  An  integral  on  J-V  probe  characteristics 
from  Us(R)  up  to  Us(R)  +  5  V  was  used  as  a  useful  signal 
where  Us(R)  is  voltage  corresponding  to  plasma  potential 
at  the  probe  position  R.  The  absolute  calibration  of  the 
system  has  been  carried  out  using  our  experimental  data  on 
EEDF  and  electron  concentration  [5]  and  measuring  the 
EEDF  and  photocurrent  saturation  characteristics  under 
the  slight  discharge  modulation  at  the  reference  frequency. 
It  was  assumed  that  EEDF  of  photodetached  electrons 
accesseing  the  probe  is  the  same  as  of  discharge  electrons. 
It  should  be  noted  that  as  our  measurements  have  shown  if 
Up-Us=const 

condition  (where  Up  is  collecting  probe  potential,  Us  is 
plasma  potential)  does  not  fulfills  at  ion  spatial 


Nj.,cm® 


The  radial  distributions  of  negative  ion  concentration  in 
positive  column  of  DC  discharge  in  pure  oxygen.  The  tube 
walls  position  is  shown  by  grey  vertical  columns.  The 
discharge  eurrent  density  is  of  5  m  A/cm  ^ 

_  O-P=0.15Torr 

- □  .  p=0.30  Torr 

A  -  P=0.50  Torr 
O-P=l-00Torr 

The  experiment  data  and  the  calculation  results  are  represented 
by  symbols  and  lines  respectively. 

measurements  by  a  probe  method  the  discrepancy  in 
experimental  data  can  reach  tens  of  percents  in 
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dependence  on  a  space  point  even  when  the  collecting 
probe  potential  is  large. 

Results  and  Discission 

The  radial  distributions  of  negative  ions  are  shown  in 
Fig.l.  The  experimental  results  were  analyzed  on  base 
of  self  -  consistent  PIC  MC  model  of  DC  glow 
discharge  [1],  The  effect  of  the  non-equilibrium  ion 
difhision  on  radial  profiles  of  negative  ions  has  been 
studied  .  The  main  detachment  processes  imder  our 
experiment  conditions  are: 

O  -hO(^P) — ^  O2  +  c  (1) 

k,  =  1.9  10  '“  ernes  '  [2] 

O  -i-02(3.^Ag) — ^03-1-6  (2) 

k2  =  3  10  ”  cmV  [6] 

The  atomic  oxygen  and  Oala'Ag)  concentration  were 


Concentratins  of  singlet  oxygen  and  oxygen  atoms  versus  the 
pressure  in  O2  DC  discharge  at  current  density  of  5  mA/cm^. 

taken  from  experimental  measurements  (Fig.2).  It  is 
supposed  that  ©2^  are  the  main  positive  ions  and  O'  are 
the  main  negative  ions.  The  value  of  k2  is  varied  in 
scientific  literature  firom  3  10'"  to  3  10''®  ernes''.  We 
choosed  3  10'”  value  for  the  best  agreement  between 
the  experimental  and  numerical  values  of  the  axial 
electric  field  at  low  pressures.  The  calculated  radial 
distribution  of  O'  ions  under  the  same  experimental 
conditions  are  also  shown  in  Fig.  1  .  It  is  well  seen  in 
Fig.l  that  the  profiles  of  calculated  and  experimental 
radial  distributions  agree  sufficiently  well.  However  the 
calculated  values  of  negative  ions  exceed  the 
experimentally  measmed  ones  in  -1.5  times.  It  can  be 
explained  by  dependence  of  (1)  and  (2)  reaction  rate 
constants  on  plasma  parameters.  At  present  time  these 
dependences  are  unknown.  So  according  to  mutual 
arrangement  of  O2  and  0'2  potential  curves  the  rate 
constant  of  (1)  process  is  assumed  to  be  lowered  with 
decreasing  the  pressure  (i.e.  with  increasing  the 
reduced  field)  owing  to  more  high  kinetic  energy  of  O' 
ions.  However  as  one  can  presume  from  the  potential 


surface  arrangement  of  O3  molecule  and  O's  anion  [7,8] 
the  (2)  process  can  have  got  a  noticeable  activation 
energy  up  to  -0.5  eV  so  that  the  ion  heating  can 
strongly  influence  on  the  reaction  rate  constant.  At  the 
present  moihent  it  is  undouptedly  required  the  detailed 
information  both  about  the  detachment  processes 
themselfs  including  the  charge  transfer  reactions  and 
about  the  ion  energy  distribution  fimetion. 

In  order  to  understand  how  the  nonequilibrium 
ion  diffusion  efiects  on  the  radial  distribution  we  have 
carried  out  our  calculations  without  taking  into  account  the 
ion  heating.  Fig.  3  represents  the  results  of  these 
calculations  at  pressure  of  0.15  Torr,  where  an  axial 
electric  field  is  highest  and  therefore  ion  heating  is  most 
notable.  As  it  is  well  seen  the  correct  description  of  spatial 
distributions  of  negative  ions  can  be  achieved  only  taking 
into  consideration  the  effects  of  ion  nonequlibrium 
diffusion. 

This  work  was  supported  by  grant  No.  95-02-05461  of 
Russian  Fond  of  Fundumental  Investigations  (RFFI). 
N£.,cm‘^ 


All  is  the  same  as  in  Fig.  1  only  at  pressure  of  0.15  Torr. 
The  dushed  line  is  radial  distribution  of  negative  ions 
without  the  nonequilibrium  diffusion. 
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Electronegative  species  (i.e.,  molecules  of 
ozone,  O3),  wliich  are  produced  in  a  gas  discharge 
plasma,  can  effect  on  the  gas  breakdown  dynamics  and 
on  the  electrical  characteristics  of  the  discharge. 
Interpretation  of  the  experimental  data  concerning  the 
plasma  with  an  ozone  admixture  is  a  rather 
complicated  task  because  of  the  absence  of  the  electron 
drift  characteristics  in  ozone. 

The  work  presented  contains  a  cross  section 
set  of  electron  scattering  on  03-molecules  (Fig.  1),  as 
well  as  the  results  of  calculation  of  the  electron  drift 
velocity  Vdr  (Fig.2a),  the  electron  temperamre  T^, 
(Fig.2b),  and  the  electron  dissociative  attachment 
coefficient  p/[03]  to  O3  (Fig.3).  The  cross  section  set  is 
normalized  with  respect  to  the  experimental 
dissociative  attachment  coefficient  [1],  which  has  been 
measured  in  the  reduced  electric  field  range  E/N  =  1-20 
Td.  The  set  allows  one  to  calculate  the  EEDF  for  low 
E/N  values.  Moreover,  the  vibration  excitation  by 
electron  impact  (as  well  as  dissociative  attachment)  rate 
constants  of  Oa-molecules  in  pure  ozone  are  presented 
(Fig.  4). 

The  electron  transport  cross  section  on  O3- 
molecules  (curve  (1)  on  Fig.l)  and  the  ozone  rotational 
excitation  by  electron  impact  (curve  (2))  in  the  range  of 
low  electron  energies  u  =  0.001-0.1  eV  was  determined 
using  the  data  [2-4].  The  electron  impact  vibrational 
excitation  of  03-molecules  was  experimentally  studied 
in  [5],  in  which  the  electron  loss  spectra  were 
presented.  The  model  integral  cross  section  of  this 
process  was  determined  analogously  to  the  case  of 
known  data  concerning  the  vibrational  cross  sections  of 
H2O  [6].  As  the  O3  and  H20-molecules  have  similar 
parameters  (the  symmetry  type,  the  angle,  etc.),  we  can 
assume  that  these  molecules  should  also  have  similar 
mechanism  of  the  resonance  excitation.  The  value  of 
introduced  by  us  vibrational  cross  section  in  maximum 
was  normalized  by  the  differential  cross  section  value 
for  ozone  [5]  at  scattering  angle  80°.  Note  that  obtained 
by  us  cross  section  of  vibrational  excitation  of  O3  (curve 
(3))  is  a  model  one  and  actually  is  a  total  cross  section 
of  excitation  of  all  the  vibrational  modes  of  ozone.  The 
ionization  cross  section  of  O3  (curve  (5)-(7))  is  taken 
from  [7].  The  dissociative  attachment  to  03-molecxiles 
was  studied  in  [1,8,9].  The  currents  of  negative  ions  (O' 
and  02'  as  a  function  of  the  electron  energy  were 
measured  in  [8]  using  the  mass-spectrometry  technique: 

Os  +  e — ^)0'  +  02  (1) 

03  +  e— )02'  +  0  (2) 

From  these  results  we  can  conclude  that 
reaction  (1)  dominates  in  dissociative  attachment  of 
low-energy  electrons  to  O3,  as  well  as  can  determine 


positions  of  the  maxima  of  dissociative  attachment 
cross  sections  with  generation  of  the  ions  O'  and  O2'. 
However,  the  absolute  values  of  these  cross  sections 
have  not  been  obtained  in  [8]. 

The  results  of  [1]  concerning  the  drift  tube 
measurements  of  the  attachment  coefficient  p/[03]  in 
pure  ozone  in  the  range  of  the  reduced  electric  fields 
from  3  to  10  Td  produce  a  good  experimental 
foundation,  which  allowed  us  to  cany  out  the 
normalization  of  the  cross  section  set  (Fig.  1)  for  low 
values  of  E/N,  as  well  as  to  calculate  the  drift  velocity, 
the  electron  temperature,  and  to  determine  the 
dissociative  attachment  rate  constant  in  pure  ozone. 

The  near-threshold  behaviour  of  attachment 
crossection  (4)  was  taken  from  [1].  The  value  of 
maximum  of  this  crossection  was  estimated  firom 
experimental  resalts  [10]. 

In  order  to  me  the  data  [1],  one  should  take 
into  account  the  role  of  reactions  with  participation  of 
negative  ions  in  charged  particle  balance  in  the  drift 
tube.  The  reason  for  this  is  the  fact  that  O' 
concentration  is  controlled  by  the  processes  with 
participation  of  Os-molecules: 


O'  +  O3  — >  2O2  +  e 

(3) 

k3  =  3*10'’°  cm^/s  [9] 

O'  +  O3  — )  Oi  +  0 

(4) 

k4  =  2*10''°cm^/s  [9]. 

Assuming  that  the  O'  concentration  is  quasi' 

stationary  for  the  electron  drift  times  corresponding  to 
the  experiment  [1],  we  can  obtain  the  relation  between 
the  real  value  of  the  attachment  coefficient  p/[03]  and 
the  measured  one  (p/[03])eff 

(p/[03])eff  =  p/[03]*k3/  (k3  +  k^)  =r  p/[03] 

In  conditions  of  the  experiment  [1],  we  have  F 
=  0.4.  Thus  we  can  conclude  that  in  pure  ozone  the 
processes  of  attachment  play  a  significant  role  in 
forming  the  relation  between  the  measured  and  real 
attachment  coefficients.  The  EEDF  calculations  were 
carried  out  using  the  Boatsman  equation  solution  in  the 
two-term  approximation. 

We  used  the  experimental  data  concerning 
attachment  coefficients  in  pure  ozone  [1]  to  normalize 
the  mentioned  cross  section  set.  Taking  into  account 
that  these  data  have  been  obtained  for  small  reduced 
electric  fields,  this  normalization  is  correct  only  for  low 
electron  energies.  The  normalization  was  carried  out  as 
follows;  the  drift  velocity  V*,  the  rate  constant  and 
the  attachment  coefficient  p/[03]  =  KJ  V*  as  a 
fimction  of  E/N  were  calculated,  and  this  was  followed 
by  comparison  with  the  experimental  data. 

Returning  to  Fig.  1  we  can  note  that  the  first 
sharp  maximum  (at  energy  about  0.3  eV)  in  the 
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vibrational  cross  section  (3)  corresponds  to  unknown 
before  process  of  near-threshold  resonance  vibrational 
excitation  of  the  Os-molecules.  The  necessity  to  take 
into  account  such  a  resonance  cross  section  follows 
from  the  comparison  of  the  experimental  data  with  the 
results  of  the  numerical  calculation  of  the  attachment 
coefficient  in  pure  ozone.  Note  that  the  possibility  of  O3 
vibrational  excitation  of  such  a  type  in  this  energy 
range  was  mentioned  by  the  authors  of  [1].  Fig.  3 
shows  the  experimental  values  p/[03]  as  a  function  of 
E/N,  as  well  as  two  variants  of  calculation  of  this 
coefficient:  with  (solid  line)  and  without  (dashed  line) 
accounting  for  the  near-threshold  vibrational 
resonance.  By  varying  the  half-width  of  this  resonance 
excitation  in  O3,  position  of  the  maximum  and  its 
amplitude,  we  have  managed  to  obtain  a  good 
accordance  between  the  results  of  calculation  and  the 
experimental  attachment  coefficient  in  pure  ozone  in 
the  range  of  E/N  discussed.  Fig.2a,b  shows  the 
calculated  values  of  the  drift  velocity  and  the  electron 
temperature  =  3/2  <u>  (u  is  the  mean  electron 
energy).  It  follows  from  the  dependencies  of  these 
parameters  on  E/N  that  taking  into  account  the 
resonance  cross  section  leads  to  the  decrease  of  the 


electron  temperature  and  to  the  increase  of  the  electron 
drift  velocity  in  the.  range  of  E/N  studied.  This  follows 
from  the  fact  that  the  existence  of  a  new  inelastic 
process  with  a  low  energy  threshold  leads  to  a 
significant  decrease  of  the  EEDF  in  the  energy  range 
0.2-0.6  eV.  As  the  transport  cross  section  is  constant  in 
the  energy  range  studied,  the  decrease  of  the  transport 
frequency  leads  to  the  increase  of  the  drift  velocity. 

Using  the  normalized  cross  section  set,  we 
have  calculated  the  rate  constants  of  O3  vibrational 
excitation  (curve  1  on  Fig.  4)and  of  dissociative 
attaclunent  (curve  2  on  Fig.  4)  in  pure  ozone. 

The  physical  reason  of  this  resonance  is  not 
quite  clear  yet;  however,  a  similar  behavior  of  the  cross 
section  near  the  threshold  is  typical  for  polar  and  3- 
‘  atomic  molecules  with  a  high  polarisability.  Another 
possibility  to  obtain  such  a  resonance  near  the 
excitation  threshold  of  O3  can  be  due  to  low-lying  term 
of  the  negative  ion  Os'  [6]. 

The  work  is  supported  by  the  Russian  Foundation  of 
Fundamental  Research  (grants  95-02-06326  and  96-02- 
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1.  Introduction 

In  a  recent  paper  [1],  we  have  investigated  the  con¬ 
ditions  for  appeeiring  of  the  so-called  pink  aferglow, 
that  is  the  emission  of  the  first  negative  system 
bands  X  ^E+),  downstream  from  a 

flowing  microwave  discharge  in  Nj  and  N2-Ar.  It 
was  shown  that  this  emission  occurs  as  a  result  of 
the  mechanisms  leading  to  the  formation  of  the 
ground  ionic  state  N2‘^(X  ^E+)  by  collisions  be¬ 
tween  the  electronic  metastables  NjCA  N2(a' 

^S“)  and  N2(a')-|-N2(a'),  followed  by  a  reaction 
for  populating  the  upper  ionic  state  Nj"*"  (B)  involv¬ 
ing  collisions  of  N2'*'  (X)  with  vibrationally  excited 
molecules  N2(X  ^E+,v>12).  In  this  analysis  the  re¬ 
laxation  of  the  vibrational  distribution  of  N2(X,v) 
molecules  was  shown  to  play  a  central  role  in  the 
emission  of  the  1~  system  bands  in  the  short-lived 
afterglow  region.  Here,  our  purpose  is  to  study  the 
coupling  of  N2(X,v)  molecules  with  the  other  ac¬ 
tive  species  present  in  the  afterglow  and  in  particu¬ 
lar  to  investigate  if  there  is  additional  dissociation 
in  the  post-discharge  due  to  a  vibrational  mecha¬ 
nism,  since  in  certain  conditions  the  N2(X,v)  dis¬ 
tributions  can  present  populated  tails  for  times  as 
long  as  10“^  s. 

2.  Discharge  model 

A  stationary  kinetic  model  for  a  microwave  dis¬ 
charge  in  cylindrical  geometry  is  developed  by  cou¬ 
pling  the  homogeneous  electron  Boltzmann  equar 
tion,  under  the  effective  field  approximation,  to  a 
system  of  rate  balance  equations  for  the  vibrational 
levels  N2(X,v),  the  most  important  electronic  states 
of  N2,  and  the  ground  state  atoms  N(^S).  The  con¬ 
tinuity  equations  for  the  electrons  and  the  main 
positive  ions  (N2'*',N4'*',Ar+,Ar2'*')  are  still  coupled 
to  the  former  system  in  order  to  determine  self- 
consistently  the  maintenance  reduced  electric  field. 
The  Boltzmann  equation  takes  into  account  both 
inelastic  and  superelastic  electron  collisions,  while 
the  rate  balance  equations  for  the  neutral  heavy 
species  include  the  vibration- vibration  (V— V)  en¬ 
ergy  exchange  processes,  the  vibration-translation 
(V— T)  energy  exchanges  in  N2-N2,  N2-N  and  N2- 
Ar  collisions,  and  a  large  number  of  other  processes 
taking  into  account  the  interplay  of  the  species 
N2(X,v),  N2(A  3E+,B  %,C  3n„,a'  iE-,a  ^H^.w 


^Au)  and  N('^S),  in  N2-N2  and  N2-Ar  coUisions. 
This  system  of  equations  still  includes  the  processes 
of  vibrational  deactivation  on  the  wall,  dissociation 
by  the  V— V  and  V—T  exchanges,  wall  atomic  re¬ 
association,  and  diffusion  and  radiative  losses.  The 
total  rate  of  ionization  includes  both  ionization  by 
direct  and  stepwise  electron  impact,  as  well  as  re¬ 
actions  for  associative  ionization  in  N2  involving 
colhsions  between  electronically  excited  molecules. 

Fig.l  shows  the  mean  power  per  length  unit  ab¬ 
sorbed  by  the  electrons  calculated  using  this  model, 
in  a  microwave  N2-Ar  discharge  at  w/2ir=2.45 
GHz  in  a  16  mm  inner  diameter  pyrex  tube,  as 
a  function  of  the  fractional  Ar  concentration,  for 
ne=2xl0^^cm“^(A)  and  5x  l0^^cm“®(B),  andp=2 
Torr  (full  curves)  and  10  Torr  (broken).  As  the 
fractional  Ar  concentration  increases  the  power  per 
length  unit  for  sustaining  the  discharge  rapidly  de¬ 
creases  because  the  total  electron  cross  section  for 
excitation  is  considerably  smaller  in  Ar  than  in  N2. 
We  note  that  an  increase  in  [Ar]/([N2]-l-[Ar])  pro¬ 
duces  a  reduction  of  the  maintenance  electric  field, 
which,  in  turn,  leads  to  a  decrease  in  dPaj»/dz. 


3.  Post-discharge  relaxation 

The  concentrations  for  the  different  species  in  the 
discharge  are  used  at  the  time  t=0  in  the  post¬ 
discharge,  where  the  relaxation  of  the  above  system 
of  equations  is  investigated.  As  it  was  shown  (see, 
e.g.,  Ref.[2])  the  high-energy  tail  of  the  electron 
energy  distribution  function  rapidly  decreases  in  a 
time  of  10"®— 10“^  s,  so  that  the  electron  collisions 
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Fig.2  -  [N(^S)]/[N2]  for  p=2  Ton  (faU),  10  Torr  (bro¬ 
ken),  in  pure  Nj  (A),  N2-S0%At  (B),  N2-90%Ar  (C). 


may  be  discarded  from  the  model.  Fig.2  shows 
the  temporal  evolution  of  the  relative  concentra¬ 
tion  of  N(^S)  atoms  calculated  for  ne=2x  lO^^cm"®, 
p=2  Torr  (full  curves)  and  10  Torr  (broken),  in  a 
post-discharge  in  pure  N2  (curves  A),  and  in  the 
case  of  the  mixtures  N2-50%Ar  (B)  and  N2-90%Ar 
(C).  The  relative  atomic  concentration  in  the  dis¬ 
charge  remains  with  practically  no  modifications 
in  the  post-discheirge  up  to  t~10“'^s.  After  this 
time,  two  different  situations  take  place  depending 
on  pressure.  For  the  lower  value  p=2  Torr,  the  rela¬ 
tive  concentration  [N('^S)]/[N2]  remains  unchanged 
imtil  ~10“^— 1  8,  time  at  what  this  concentration 
starts  to  decay  as  a  result  of  reassociation  on  the 
wall.  However,  if  we  consider  the  higher  pressure 
p=10  Torr,  it  is  observed  an  increase  of  [N(^S)]/[N2] 
in  the  range  ~5xl0“^— 5  s.  This  increase  is  more 
visible  in  the  cases  of  the  discharges  in  pure  N2  and 
in  N2-50%Ar. 

This  corresponds,  in  fact,  to  additional  disso¬ 
ciation  in  the  post-discharge  due  to  a  vibrational 
mechjmism,  in  which  a  N2(X,v)  molecule  in  the  last 
bound  level  v=45  is  promoted  to  the  continuum  by 
the  V— V  and  V— T  exchanges.  The  different  be¬ 
haviours  found  here  are  explained  by  the  appear¬ 
ance  of  overpopulated  tails  in  the  vibrational  distri¬ 
butions  of  N2(X,v)  molecules  during  the  relaxation 
process  for  the  higher  value  of  pressure.  Fig.3  and  4 
show  these  distributions  for  p=2  Torr  and  10  Torr, 
respectively,  in  the  case  of  a  N2-50%Ar  mixture, 
and  for  the  times  t=0  (A),  10~®8  (B),  10“®s  (C) 
and  10~^s  (D).  In  contrast,  the  less  populated  tmls 
for  p=2  Torr  result  from  a  stronger  vibrational  de¬ 
activation  by  the  V— T  processes  associated  with 
N2-N  collisions.  We  note  that  the  lower  value  of 
pressure  corresponds  to  a  higher  maintenance  re¬ 
duced  electric  field  and,  hence,  to  a  higher  rela¬ 
tive  atomic  concentration  in  the  beginning  of  the 
post-discharge  (see  fig.2).  We  still  note  that  fig.4 
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Fig.3  -  [N2(X,v)]/[N2]  distributions  far  p=2  Torr,  at 
t=0  (A),  10-®s  (B),  10-®s  (C),  10-^s  (D),  in  N2-50%Ar. 


shows  an  inversion  of  population  during  the  relax¬ 
ation  as  a  result  of  pumping  effects  produced  by 
the  V— V  exchanges.  This  is  a  consequence  of  the 
near-resonant  V— V  collisions  are  far  more  effective 
in  the  tremsfer  of  vibrationeil  quanta  than  the  non¬ 
resonant  V— V  and  V— T  collisions,  which  produces 
a  pumping  phenomena  between  the  different  levels 
of  the  anharmonic  oscillator.  Thus,  the  vibrational 
energy  must  be  tremsferred  up  the  vibrational  lad¬ 
der  by  near-resonant  V— V  exchanges  rather  than 
be  immediately  lost  by  V— T  collisions.  However,  in 
the  case  of  the  lower  value  of  pressure  p=2  Torr,  the 
percentage  of  N(^S)  atoms  in  the  discharge  is  high 
([N(^S)]/[N2])=6.63%  in  pure  N2),  so  that  a  rapid 
deactivation  by  V— T(N2-N)  exchanges  occurs. 

[1]  -  P.A.  Sa  and  J.  Loureiro  1996  Proc.  13th  ES- 
CAMPIG  (Poprad),  p.67;  [2]  -  C.  Gorse  and  M. 
Capitelli  1987  J.  Appl.  Phys.  62  4072. 

This  work  has  been  carried  out  under  the  support  of 
a  PRAXIS  XXI  Research  Grant  (Portuguese  Min¬ 
istry  of  Science  and  Technology). 
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l.Introdoction 

In  this  p^r  we  present  a  study  on 
xenon-neon  mixture  dc  discharge  plasma,  using 
diode  laser  absorption  for  the  xenon  transition 
from  ls4  -  2p5  at  the  wavelength  of  828.239 
nm. 

Comparative  analysis  of  the  plasma 
modulation  ateoiption  signal  and  optogdvanic 
signal  permitted  us  to  introduce  a  new 
parameter,  namely,  optogalvanic  efficiency 
-BBTog-  defined  as  die  size  of  the  optogalvanic 
signal  corresponding  to  an  atom  optically 
pumped  by  laser.  The  experimentally  observed 
dependency  of  EffoQ  on  the  various 
parameters  gives  the  possibility  to  obtain  new 
useful  data  on  the  processes  tal^g  place  at  the 
atomic  scale  in  neon-xmon  discharges. 

2.Experimental  set-up. 

Two  experimental  arrangements  were 
used:  a)  dc  plasma  modulation  detection  system 
and  b)  optogalvanic  spectroscopy  mounting. 
In  both  cases  we  used  the  diode  laser  LTO  15 
MDO  from  Sharp,  with  the  wavelength  range 
815-845  nm  and  maximum  optical  power 
output  of  30  mW.  This  diode  was  powered 
and  its  temperature  was  stabilized  with  a 
Melles  Griot  Laser  Driver  06DLD203  and  a 
Peltier  element.  The  diode  laser  wavelength 
scanning  over  75  GHz  range  with  a  64  mHz 
frequency  was  performed  by  a  triangular  signal 
generator  and  marked  with  the  interference 
fringes  obtained  from  a  confocal  Fabry-Perot 
etalon  (1.5  GHz  free  spectral  range).  The  xenon 
absorption  signal  and  the  interference  fringes 
were  simultaneous  recorded  via  an 
oscilloscope,  and  GPIB  interface  by  a 
computer.  The  electrical  discharge  was  ignited 
and  maintained  between  two  stainless  steel 
electrodes  with  50  mm  in  diameter,  mounted 
inside  a  large  metallic  vacuum  vessel,  provided 
with  two  glass  windows  in  line  with  the 
interelectrodic  space.  The  laser  beam  (cross 
section  diameter  being  around  0.5mm)  can  be 
moved  to  various  position  between  the  cathode 
and  atKxIe,  but  remaining  always  parallel  with 
the  surfaces  of  the  electrodes.  A  pbotodetector  is 
provided  at  the  exit  window  to  measure  the 
laso*  beam  intoisity. 

In  the  dc  plasma  modulation  detection 
system,  the  discharge  is  supplied  by  a  hi^ 


voltage  generator.  The  discharge  current  is 
modulated  with  a  controlled  frequency  in  the 
range  400  Hz-1500  Hz,  the  working  frequency 
is  465  Hz.  The  plasma  is  periodically  changed 
on  and  off,  and  consequently  the  absorption 
signal  corresponding  to  the  excited  states  will 
modulate  with  the  same  frequency  with  the 
plasma  modulation  frequency.  Using  phase 
sensitive  detection  of  the  absorption  signal,  the 
lock-in  amplifier  reference  frequency  will  be 
just  the  plasma  modulation  frequency. 

The  optogalvanic  signal  obtained  at 
resonant  laser  light  absorption  at  828.239  run 
corresponding  to  xenon  transition  ls4  to  2p5, 
was  detected  as  plasma  impedance  change  and 
measured  using  wavelength  modulation 
spectroscopy.  The  modulation  frequency  of  the 
diode  laser  was  1.3  kHz,  the  measurements 
were  done  using  the  first  harmonic  signal 

3.£xperimental  results  and 
discussion. 

Using  the  described  experimental 
arrangements,  we  measured  the  absorption, 
through  a  dc  discharge,  of  the  laser  light  of 
828.239  run  corresponding  to  xenon  transition 
Is4-2p5  and  also  the  induced  optogalvanic 
effect  at  the  passage  of  the  laser  beam  through 
the  discbargc.The  experimental  parameters 
were:  total  gas  pressure;  5  torr  and  10  torr, 
xenon  concentrations  in  neon-xenon  mixture  ; 
5%,  10%,  20%,  100%,  discharge  current; 
1mA.  3mA  and  5mA.  The  laser  beam  along  a 
diameter  cord  and  parallel  with  the  surfaces  of 
the  electrodes  explored  in  the  interelectrode  of 
5.5  mm.  Using  the  obtained  data,  we 
represented  the  spatial  distribution  of  the 
density  of  the  excited  xenon  atoms  Xe(ls4)  atxl 
also  the  corresjKmding  optogalvanic  signals  at 
various  positions  in  the  discharge  space. 
Hgs.  1  and  2  respectively  give,  as  examples, 
the  spatial  distribution  curves  for  laser 
absorption  signal  IpM  and  OG  signal  Iqg-  In 
spite  of  the  fact  that  both  signals  are  obtained 
at  the  same  laser  light  absorption 
(corresponding  to  the  same  xenon  transition 
Is4-2p5).  the  differences  between  the  curves 
are  significant  due  to  the  different  nature  of 
these  two  signals.  Indeed,  the  signal  IpM  is 
directly  proportional  with  the  density  of  the 
excited  xenon  atoms  on  level  IS4. 
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Consequently,  the  curves  given  in  fig.  1 
represent  just  the  density  distribution  of  the 
excited  xenon  atoms  in  the  discharge  space. 
OG  signal  represents  the  change  of  the  plasma 
conductivity  due  to  the  ions  generated  from 
the  excited  xenon  (2p5)  state  resulted  from 
Xe(ls4)  by  laser  light  absorption. 


5%  Xe  — o 20%  Xe 

1 0%  Xe—. 1 00%  Xe 


Starting  from  these  data,  we  defmed  a 
new  parameter  -optogalvanic  effect 
efficiency*  (EffoG)-  as  the  ratio  between 
optogaivanic  signal  and  the  number  of  xenon 
atoms  pumped  to  2p5  state  by  ■  laser 
absorption  and  responsible  for  generated  OG 
signal.  In  present  case  we  will  have 

E6FoG=IOG/IPM  (1) 

We  must  observe  that  the  number  of  xenon 
atoms  pumped  optically  to  2p5  state  is 
proportional  with  the  density  of  excited  ls4 
xenon  atoms,  to  which  is  proportional  the 
absorption  signal  Ipj^.  The  EffoG  represents 
the  size  o{  the  optogalvanic  signal  per  absoriied 
photon  for  given  experimental  conditions,  i.e., 
OG  signal  efficiency.  Using  the  experimental 
data  like  those  given  in  figs.  1  and  2,  we  can 
study  the  dependence  of  the  parameter  EffOG 
on  experimental  conditions. 

Interesting  tendency  is  obtained 
(fig.3)  if  the  dependence  of  Eff(Xj  on  the 
content  of  xenon  is  evaluated.  For  all  values 
of  the  experimental  parameters  (  total  gas 
pressures,  discharge  currents  and  laser  beam 
positions),  a  clear  optimum  for  EffQG  is 
obtained  far  the  same  ccmcentration  of  xenon 
20%,  as  we  can  sec  in  fig3.  Also,  representing 
the  values  trf  Eff(Xj  corresponding  to  various 
points  in  the  discharge  space,  we  can  clearly 
separate  into  two  different  cases  for  which  the 
xenon  concentrations  are  5%  and  100%  and 
those  for  10%  and  20%.  It  is  found  that  for 


mixtures  with  close  content  of  xenon  and 
neon,  the  EffOG  is  much  higher  than  that  in 
the  case  of  mixtures  close  to  piue  neon  and 
xenon.  Consequently,  we  can  assume  that  a 
major  contribution  to  generate  ions  from 
Xe(2p5)  must  be  a  process  in  which  both 
neon  and  xenon  atoms  are  taking  part 
simultaneously.  A  preliminary  analysis  of  the 
energy  level  structure  for  xenon  and  neon 
leaded  us  to  an  assumption  that  the  responsible 
process  is  a  second  kind  collision  between 
metastable  neon  Ne(met)  and  excited  xenon 
Xe(2p5)  by  a  reaction 

Xe(2p5)+Ne(met) =Xe'''(met)  +  Ne  +  e 

with  an  energy  defect  of  +0. 17eV.  The  life¬ 
time  of  Xe'*’ (met)  is  of  the  order  of  1  s  [1].  As 
a  result  of  tUs  reaction,  short  living  Xe(2p5) 
(35ns)  [2]  are  changed  in  long  living 
Xe‘*‘(met). 


Fig.3.00  efficiency-xenon  content 


As  an  alternative  explanation  might  be  the 
change  of  electrons  energy  distribution  (EDF) 
into  favorable  one  to  generate  Xc'''(met), 
with  high  rate  originating  from  the  laser 
pinnped  xenon  2p5  when  xenon  concentration 
in  Xe-Ne  mixture  is  10-20%.  However,  due  to 
much  higher  values  of  the  energy  levels  for 
neon  than  those  for  xenon,  with  increasing  the 
concentrations  of  neon,the  electron  temperature 
may  increase,  which  makes  EDF  less  favoraHe 
to  sustain  this  hypothesis. 

4.  Conclusions 

Laser  absorption  spectroscopy  of  dc 
discharges  in  Ne-Xe  mixtures  using  both 
plasma  modulation  and  optogalvanic  signal 
measurements,  suggested  the  existence  of 
second  kind  collision  processes  generating  long 
living  xenon  metastable  ions. 

This  woik  was  supported  in  part  by  a 
Grant-in-Aid  of  Scientific  ReseaichJ^>anese 
Ministry  of  Education,Science  and  Culture. 
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1.  Introduction 

Studies  of  the  narrow  gap  dielectric  barrier  discharges, 
generated  in  the  Penning  mixtures  Ne+l%Xe  or 
Ne+l%Ar,  have  shown  that  at  the  H2  addition,  in  some 
experimental  conditions  (i.e.  the  hydrogen 
concentration  and  the  total  pressure  of  the  gas  mixture), 
the  Nel  spectrum  is  practically  reduced  to  nearly  one 
line.  This  is  the  neon  yellow  line  with  wavelength  of 
585.3  nm,  corresponding  to  the  optical  transition  2pi- 
IS2  [1]. 

We  have  denominated  this  behavior  as  M-efifect 
(“monochromatisation”  effect)  and  in  order  to 
characterize  it,  we  have  introduced  the  M  parameter, 
defined  as:  M=I(?ti)/I(2.2)  where  Xi=585.3  nm  and 
^2=614. 3  nm. 

In  the  case  of  the  d.c.  luminescent  discharges  in  the 
above  mentioned  triple  gas  mixtures  this  effect  has 
been  observed  too,  but  exclusively  in  the  negative  glow 
region,  the  neon  yellow  line  intensity  being  practically 
negligible  in  other  regions  of  the  discharge  polumn. 

The  aim  of  this  paper  is  to  add  new  results  on  the  H2 
contribution  to  the  physical  •  processes  at  atomic  and 
molecular  level  which  produce  this  effect. 

2.  Experimental  and  results 

For  this  study  we  have  used  a  d.c.  discharge  device  with 
a  controlled  temperature  cathode.  The  emitted  radiation 
from  the  negative  glow  of  the  d.c.  luminescent 
discharge  was  directed  through  an  optical  fiber  on  the 
entrance  slit  of  a  monochromator,  provided  at  its  exit 
slit  with  a  photomultiplier.  Between  the  experimental 
device  and  the  optical  fiber,  a  mouvable  slit  permits  to 
select  from  the  negative  glow  that  radiating  region 
which  presents  the  highest  value  of  the  neon  yellow 
line  intensity  (>c=585.3  nm). 

For  each  set  of  parameters  (i.e.  the  total  gas  pressure, 
the  H2  or  Ar  concentration  added  to  the  Penning 
mixture  Ne+l%Xe,  the  cathode  temperature,  the 
discharge  cmxent),  the  neon  emission  spectra  (between 
550  nm  and  750  nm)  firom  the  negative  glow  have  been 
recorded.  For  each  recorded  spectrum  we  have 


calculated  the  value  of  the  M  parameter,  which  varies 
with  the  change  of  the  working  parameters. 

This  variation  reveals  the  peculiarity  of  the  2pi-ls2 
transition  and  it  is  more  important  for  the  dielectric 
barrier  discharge,  in  which  M-effect  is  optimum  at 
pressures  of  the  order  200  torr,  than  in  the  d.c. 
luminescent  discharge,  because  in  this  last  case  the 
maximum  pressure  has  been  of  90  torr. 

All  measurements  have  been  done  keeping  the  same 
value  for  the  discharge  current,  namely  40  mA,  finding 
that  the  limits  for  which  the  modification  of  the 
current  changes  not  the  M  par^eter  value  were 
between  35  mA-45  mA. 

In  Fig.  1  it  is  given  the  dependence  of  the  M  parameter 
on  the  H2  concentration  (expressed  in  percentages  from 
the  total  gas  pressure),  for  different  values  of  the 
pressure  of  the  (Ne+l%Xe)+H2  mixture.  According  to 
this  dependence,  the  optimum  concentration  of  H2  to 
obtain  an  important  value  of  the  M  parameter  strongly 
depends  on  the  total  pressure  of  the  gas  mixture.  The 
results  presented  in  Fig.l  have  been  obtained. 


: — ■ — 15  , — x~  30  , — * —  45  , 
— ▼ —  60  , — o —  7  5  , — + —  90  torr 


maintaining  the  cathode  temperature  at  the  constant 
value  of  80  °C. 
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In  the  other  experiment  we  have  proved  the  influence 
of  the  cathode  temperature  on  the  neon  spectra  [2].  In 
this  work  we  have  followed  the  M  parameter 
modification  versus  the  cathode  temperature,  for 
hydrogen  or  argon  added  to  Ne+I%Xe.  An  exemple  for 
(Ne+I%Xe):H2=I:I  and  (Ne+I%Xe):Ar=I:I  mixtures 
at  various  total  gas  pressures-  is  given  in  Fig.2.,  where 
can  be  seen  that  the  M-efiect  is  degraded  by  the 
increasing  of  the  cathode  temperature,  but  depending 
of  the  total  gas  pressure  too.  On  the  same  figure  it  can 
be  observed  the  different  influence  of  the  H2  or  Ar 
addition  oh  the  M  parameter  value,  as  well  as  the  fact 
that  the  M-efiect  is  negligible  in  the  Ne+l%Xe 
Penning  mixture  alone.  , 


(Ne  +  l%Xe);-^—I\  =  (15-60)torr 
(Nc  +  l%Xe)  +  50%I^;  — p,  =  60; 

-  ■-  ,  30 ;  -  -  -  ,  15  ton- 

(Ne  +  l%Xe)  +  50%Ar  Pi  =  60; 

-  ,  30  15  torr 


3.  Discussions 

In  the  case  of  the  results  presented  in  Fig.l,  it  can  be 
observed  that  to  have  the  M-efiect  is  necessary  an 
optimum  concentration  both  of  the  neon  atoms  and  of 
the  hydrogen  molecules.  At  low  concentrations  of  H2  or 
Ne  (0-10%H2  and  90-100%H2)  Ae  M-efiect  is 
practically  negligible,  suggesting  an  important 
participation  of  the  hydrogen  to  the  evidenced  efiect. 

We  can  see  that  if  the  hydrogen  is  missing,  the  M 
parameter  is  not  influenced  of  the  cathode 
temperature.  It  results  that  the  hydrogen  is  a  necessary 


partner  together  with  the  neon  excited  species 
generating  the  observed  phenomena. 

In  the  order  to  explain  nearly  one  line  spectra,  we 
assume  that  in  such  a  case  we  must  have 
simultaneously  two  processes:  the  depleting  of  the 
lower  level  and  the  feeding  of  the  upper  level  of  the 
neon  optical  transition  2pi-ls2.  The  first  process  is 
ensured  by  the  Penning  type  collision  of  the  excited 
neon  atoms  with  the  molecular  hydrogen,  having  the 
reaction  rate  constant  k=2.5xl0''°  ernes  '  [3]. 

The  second  process  is  not  clearly  established.  If  we 
assume  that  both  the  argon  and  the  hydrogen  are  taking 
part  into  the  M-efiect  only  through  the  Penning 
depletion  of  the  neon  lower  level  IS2,  this  can  not 
explain  their  so  different  influence  on  the  M  parameter, 
while  their  Penning  reaction  rate  constants  are 
practically  equal  [3].  In  these  circumstances  we  should 
assume  that  the  hydrogen  is  taking  part  into  a 
supplementary  process  of  feeding  of  the  neon  upper 
level  2pi  and  this  process  is  influenced  by  the  cathode 
temperature  and  the  gas  pressurre  (Fig.2). 

Consequently,  we  may  assume  that  the  hydrogen 
addition  increases  the  population  of  the  upper  level  2pi. 
Such  a  process  is  possible  due  to  the  decrease  of  the 
electron  temperature  at  the  hydrogen  addition  [4].  In 
these  conditions,  the  dissociative  recombination  of  the 
neon  molecular  ions  increases,  due  to  the  strong 
dependence  of  the  reaction  rate  constant  of  this  process 
on  the  electron  temperature.  The  M  parameter 
dependence  on  the  cathode  temperature  and  the  total 
gas  pressure  sustains  the  importance  of  the  process  of 
dissociative  recombination  in  the  formation  of  the 
evidenced  efiect. 

4.  Conclusions 

The  results  reported  in  this  paper  contribute  to  the 
understanding  of  the  “monochromatisation”  efiect  of 
the  neon  emission  spectrum  in  neon-xenon-hydrogen 
mixture,  from  the  negative  glow  of  the  d.c.  luminescent 
discharge.  These  bring  new  arguments  in  favour  of 
the  existence  of  a  selective  feeding  process  of  the  upper 
level  of  the  2pi  -  IS2  transition  of  the  neon  to  which  the 
hydrogen  is  taking  part. 
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1.  Introduction 

'llie  first  theoretical  rescju-ch  of  the  transition  from  free 
to  ambipolar  diffusion  has  been  cjuried  out  by  Allis  and 
Rose[l].  Analyses  under  the  condition  of  Tg=T+  (7^: 
electron  temperature,  r+;  ion  temperature)  have  been 
performed  by  using  afterglows.  Gusimov  and  Gerber[2] 
have  theoretically  derived  temporal  behavior  of  electron 
density  using  the  ratio  of  diffusion  coefficients  of 
electrons  to  ions  in  the  late  hydrogen  afterglows,  from 
which  they  determined  the  effective  diffusion  coefficient. 
Their  values  of  the  coefficient  were  smaller  than  those 
obtained  by  Allis  and  Rose.  Freiberg  and  Weaver[3] 
experimentally  analyzed  the  transition  in  helium 
afterglows,  and  obtained  that  agreement  with  dicoretical 
predictions  by  many  authors  was  good  when  He2+  ion 
was  dominant  ion  species. 

The  aim  of  this  research  is  to  measure  the  effective 
diffusion  coefficient  of  electrons  and  to  verify  the 
electron  density  dependence  of  the  coefficient  when 
atomic  ion  is  dominant  ion  species.  We  examine  argon 
plasma  with  large  ratio  of  diffusion  coefficients  of 
electrons  to  the  ions.  In  order  to  carry  out  the 
experiment  under  the  condition  of  Tg=T^,  we  use 
afterglow  technique  with  a  calibrated  microwave 
resonant  cavity. 

2.  Experiment  and  Results 

2.1  Experimental  conditions 

We  used  a  Pyrex-glass  discharge  tube  with  3 1  mm  inner 
diameter  with  a  thermionic  cathode  and  an  anode.  Tlie 
distance  between  the  two  electrode  was  560  nun.  Tlie 
tube  current  was  supplied  in  dc  pulsed  operation  of  time 
interval  of  80  ms,  duration  of  0.1  ms  and  peak  current 
of  I.O  A.  The  discharge  tube  was  baked  out  at  150  °C 
for  one  week  before  the  experiments  were  carried  out. 
The  final  vacuum  attained  was  2.66  x  10-5  Pa  Argon 
gas  of  purity  99.999%  was  used.  Operating  pressures 
were  46.6  and  66.5  Pa,  at  which  diffusion  cooling[4] 
does  not  occur  and  Ar+  ion  is  dominant  ion  species. 

2.2  Measurement  of  electron  number  density 
and  results 


We  have  mcitsurcd  electron  number  density  using  a 
calibrated  microwave  resonant  cjivity  (TMoio->iiodc)[5]. 
Substituting  the  measured  value  of  Qq  =  587  and  /q  = 
2.1253  GHz  (/q:  resonant  frequency  of  tlie  empty  cavity) 
into  energy-response  time  1^  =  Qol(2jt/o),  we  obtain  tg  = 
3.4  X  10-8  s.  Since  {Vglio  )2  <  1  ( v,.:  collision 
frequency  of  electrons,  m  (='2jif):  angular  frequency  of 
microwave  field)  is  satisfied,  we  neglect  the  effect  of 
collision  tenns.  The  relationship  of  electron  density 
<Mp-  averaged  over  the  volume  of  the  cavity  to  the 
frequency  shift  A/is  therefore  expressed  as[5] 

=8.862  X  10" (1) 

where  4/  =  J  —Jo¬ 
in  order  to  minimize  the  disturbance  due  to  the 
probing  microwave,  we  adjusted  the  probing  power  so 
as  to  satisfy[6]  ' 

Po  <  1.94x  (2) 

QcA 

where  Pq  'S  microwave  power,  A  :  molecular  weight  of 
gas  particles,  and  V :  cavity  volume.  Substituting  the 
experimental  conditions  of  wq  =  1.71236  x  IQlO 
rad  s-i,  V  =  2.28  x  10-4  np,  Tg  =  300  K,  Qg  =  587,  and 
A  =  40  into  eq.  (2)  ,  we  obtain  Pq  'C  28.4  x  10-^  W. 
We  then  applied  the  microwave  p)Ower  of  5  /<W. 

Following  the  technique  proposed  by  Freiberg  and 
Weaver[4],  we  appended  a  synclironous  detection  circuit 
to.  a  conventional  apparatus  for  measuring  Af.  With 
this  improved  apparatus  we  could  measure  very  low  Af 
to  2.56  kHz,  which  is  lower  by  about  three  orders  of 
magnitude  than  Af  measured  with  the  conventional 
technique.  Substituting  measured  frequency  difference 
into  cq.  (1),  we  obtained  </ic>.  Measured  values  of 
<ng>  against  time  are  shown  in  Fig.  1. 

3.  Analysis  and  Discussion 

3.1  Relationship  between  <ng>  and  axial 
electron  density 

In  theories  the  effective  diffusion  coefficient  Dj  is 
calculated  against  axial  electron  density  Hg{0).  In  the 
experiments,  however,  <ng>  is  measured.  In  order  to 
compare  Dj determined  from  the  experiment  with  that 
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obtained  by  theories,  we  must  estimate  /ie(0)  from 
</ig>.  Then,  we  calculated  spatial  distribution  ^^of 
electrons  in  argon  afterglow.  Substituting  gg  into  cq. 

(3),  we  obtained  a  relationship  between  <fig>  and  /ig(0). 


</le>=  He  (0)i 


geEldv 


(o) 

1.47 


(3) 


where  E„  is  microwave  electric  field  in  the  empty 
discliargc  tube. 


3.2  Electron  density  dependence  of  D, 


In  present  e.xperimental  eonditions  the  rate  equation  of 
iig  is  expressed  by  the  following  equation. 

dtigldl  =  DsV^ng  —  kitia^Hg  (4) 

hereT'i:  the  rate  coefficient  of  conversion  of  atomic  ions 
into  molecular  ions  and  Ng:  gas  density.  Combining  eqs. 


(3)  and  (4),  we  obtain  D^IDg{Dg.  electron  diffusion 
coeffident). 


fiL=- 

Dg 


Ha 

</»*> 


(5) 

dt  I  Dglta 


here  A:  characteristic  diffusion  length.  Debye  length 
A/)oon  the  axis  is  obtained  combined  with  eq.  (3). 


Ad 


eokaTg 


(6) 


.47  <He>  e  ^ 

where  the  permittivity  of  free  space,  k  g:  Boltzmaim 
constant  and  e  :  electron  cliarge. 

Substituting  <ng>,  Dg  =  88.5  m2  s-i[7]  and  ki  =  2.26 


X  rn®  s-*[8]  into  eq.  (5)  we  calculated  the  values 
of  Ds  IDg.  The  values  of  Aqo  "'as  obtained  from 


eq.  (6),  where  we  set  Tg=300  K  .  The  relationsliip  of 
Dj  IDg  against  A/A/jo  shown  in  Fig.  2. 

We  introduced  eq.  (7)  (dashed  curve  in  Fig.  2)  which 
fitted  to  the  values  calculated  on  the  computer  for  Tg=T+ 
by  Allis  and  Rose  (V). 


where  Dg.  ambipolar  diffusion  coefficient.  We  applied 
eq.  (7)  to  present  case,  wliich  is  shown  with  a  solid 
eurve  in  Fig.  2.  Good  agreement  between  eq.  (7)  and 
present  results  is  obtained  over  the  range  of  4  s:  A  /Ado 
i  500. 
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Fig.  1  Decay  of  <ng>. 

•,  A.:  measured  with  the  conventional  teclmique; 
O.  Zs:  me.Tsured  with  die  improved  teclmique. 


Fig.  2  Dj/De  vs.  A/Aoo- 
- :  eq.  (7)  for  Hydrogen;  — :  eq.  (7)  for  argon. 
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1.  INTRODUCTION 

In  this  paper  we  present  the  excitation 
coefficients  for  Bps,  Bpe,  Bpg  levels  of  argon  atom  (in 
Paschen  notation),  and  excitation  coefficients  for  five 
ionized  argon  levels.  Argon  atoms  play  an  important 
role  in  the  kinetics  of  gas  discharges  and  plasma 
processing  [1],  [2].  We  apply  a  drift  tube  technique  for 
measurement  of  the  absolute  emission  intensities  in  low 
current  self  sustained  Townsend  type  discharges.  The 
excitation  coefficients  were  obtained  from  the  optical 
signal  at  the  anode  after  correction  for  the  detector 
quantum  efficiency.  The  data  were  obtained  for  the 
electric  field  to  argon  number  density  ratio  (E/N)  from 
30  Td  to  6  kTd  for  atomic,  and  400  Td  to  11  kTd  for 
ionic  lines  (ITd  =  10'^‘  Vm^) 

2.  EXPERIMENTAL  SET-UP  AND 
PROCEDURE 

The  experimental  set-up  has  been,  described  in 
an  earlier  publication  [3].  The  drift  tube  consists  of  a 
pair  of  parallel  plane  electrodes,  with  a  diameter  of  79 
mm  at  a  distance  of  17.2  mm,  placed  inside  a  close 
fitting  quartz  tube.  The  cathode  was  made  of  stainless 
steel,  while  the  anode  was  made  of  graphite  in  order  to 
minimize  the  effect  of  backscattered  electrons  from  the 
anode. 

The  pressure  was  measured  by  a  capacitance 
manometer.  Vacuum  chamber  (stainless  steel)  is 
evacuated  by  a  turbomolecular  pump  typically  to  3  10'^ 
Torr.  The  quality  of  the  vacuum  system  is  sufficient  to 
allow  measurements  of  excitation  coefficients  over 
periods  of  up  to  20  minutes  without  any  effect  of 
impurities.  Research  grade  argon  was  used  for  the 
measurements. 

The  discharge  current  was  measured  by  an 
electrometer,  which  was  recalibrated  before  the 
experiment  by  using  a  standard  current  source.  The 
current  was  kept  below  2  pA,  in  order  not  to  perturb 
the  homogeneous  electric  field  between  the  electrodes. 
Oscilloscope  was  continuously  attached  to  the  system  to 
check  for  possible  oscillations  which  occur  even  in  the 


Townsend  regime.  Pressure,  current  and  voltage  are 
continuously  monitored  and  digitized  by  an  AD 
interference  card. 

The  light  emitted  from  the  discharge  was 
detected  using  a  collimator,  a  photomultiplier,  and  a 
photon  counting  chain.  For  the  measurements  of  the 
light  intensity  the  monochromator  was  positioned  at  the 
wavelength  of  the  maximum  of  the  line.  The  entire 
detection  system  was  placed  on  the  platform  and  moved 
by  a  stepper  motor,  which  was  controlled  by  a 
computer.  The  spatially  dependent  light  emission  was 
recorded  with  a  spatial  resolution  of  1  mm. 

The  absolute  calibration  of  the  quantum 
efficiency  of  our  detection  system  in  the  spectral  region 
330  -  830  nm  was  obtained  by  using  a  standard 
tungsten  lamp,  which  was  calibrated  against  the 
radiation  from  the  blackbody  radiation  standard. 

In  Townsend  discharges  where  electron 
excitation  dominates  over  other  processes  of  level 
population  and  where  electrons  are  in  equilibrium  with 
electric  field  and  gas  collisions,  the  electron  excitation 
coefficients  of  level  m  is  related  to  the  emission  signal 
Sa  via 

S„  e  A„ 

m  __  a _ tn  --v 

N~ 

where  je  is  the  current  density  at  the  anode,  e  is  electron 
charge,  Q  is  effective  solid  angle  of  the  detector,  Q(^) 
is  the  quantum  efficiency  of  the  detector,  A„a,  is  the 
transition  probability  for  the  level  m,  and  An,  is  the  total 
transition  probability  for  the  upper  level,  and  Ax  is  the 
width  of  the  entrance  slit  of  the  monochromator.  The 
electron  excitation  coefficient  given  in  Eq.  (1)  represent 
the  average  number  of  electron  excitation  collisions  per 
tmit  distance  as  electron  moves  towards  the  anode.  If 
the  rate  for  the  collisional  quenching  of  an  excited  state 
is  not  negligible  in  comparison  with  the  rate  for  the 
spontaneous  emission,  the  correction  to  the  measured 
Sa  can  be  done  by  multiplying  the  right-  hand  side  of 
Eq.  (1)  by  (1  +  N/No).  Here  No  is  the  quenching  density 
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for  the  state  m  (equal  to  Am/kq,  where  kq  is  the  rate 
coefficient  for  collisional  quenching). 

3.  RESULTS  AND  DISCUSSION 

The  data  for  absolute  emission  intensity  were 
analyzed  by  the  procedure  outlined  above  to  give  the 
excitation  coefficients.  The  results  of  the  excitation 
coefficients  for  3p  levels  are  shown  in  Fig.  1. 


Fig.  1.  Excitation  coefficients  for  3p  level: 

3p5  -  square,  3p6  -  circle,  3p8  -  triangle 

The  excitation  coefficients  were  obtained  using 
Eq.(l)  and  measured  emission  intensity  of  the  anode 
and  corrected  for  quenching.  The  data  for  quenching 
are  available  in  the  [4].  The  curves  for  different  3p 
levels  have  generally  similar  E/N  dependence,  with  the 
maxima  between  1-2  KTd. 

In  Fig.  2  the  excitation  coefficients  of  five 
ionized  argon  levels  are  shown.  The  transition 
probabilities  of  different  transitions  were  taken  from 
tables  by  Vujinovic  and  Wiese  [5].  Position  of  the 
maximum  of  the  excitation  coefficients  for  ionic  levels 
of  argon  is  shifted  toward  the  region  of  lower  pressures 
(0.1  -  0.2  Torr)  i.e  higher  values  E/N  (3  -  4  KTd)  if  we 
compare  with  position  of  atomic  argon.  At  lower 
pressures  probability  for  excitation  of  ionic  levels  of 
argon  increases  with  respect  to  atomic  levels  which 
causes  shifting  of  these  maxima  curve. 


To  our  knowledge  these  are  the  first  absolute 
experimental  results  of  excitation  coefficients  for 
iomzed  argon  levels.  The  excitation  coefficients  for  3p5_ 
3p6, 3p8  levels  results  of  measurements  are  not  available 
in  the  literature,  so  it  was  not  possible  to  compare  with 
another  results.  Data  presented  here  are  used  very  much 
in  the  plasma  diagnostics  [6],  [7]  so  absolute  values 
presented  here  may  be  of  use  in  developing  models  and 
comparing  them  with  experiments. 


Fig.  2  Excitation  coefficients  for  ionized  argon  levels: 
solid  square  -  -^P°  (413.7  nm);  cross  -  -^F° 

(460.96  nm);  open  square  -  ^P  ;  triangle  -  ^P  -''P° 
(480.6  nm);  circle  -  ^P  -^D“  (487.99  nm) 
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1.  Introduction 

In  this  paper  we  present  results  from  model 
calculations  of  the  potential,  density  and  ionisation 
rate  distributions  for  a  low  pressure  glow  discharge 
in  a  ring-like  cathode  geometry. 

This  work  is  a  preliminary  step  in  the  study  of  the 
electron  beam  that  has  been  experimentally  observed 
in  similar  discharge  configurations.  [1]  , 

2.  Model  and  discharge  conditions 

The  calculations  have  been  performed  using  a  2 
dimensional  hybrid,  fluid-Monte  Carlo  model 
described  in  [2].  Briefly,  the  ion  and  'bulk'  electron 
density  distributions  are  described  by  fluid  equations 
in  the  drift-diffusion  approximation.  From  these 
densities  we  calculate  the  space  charge  and  hence  the 
potential  distribution  from  Poisson's  equation.  The 
ionization  due  to  the  cathode  emitted  electrons  is 
determined  from  a  Monte  Carlo  simulation. 

The  cell  geometry  is  presented  figure  1.  The 
discharge  cell  consists  of  a  cylindrical  hollow  cathode 
and  a  cylindrical  anode.  The  electrodes  are  separated 
by  a  dielectric  ring. 


Cathode  Dielectric  Anode 


4  cm  0.5  cm  0.5  cm 

^ - 5  cm - 

Fig.l.  Cell  geometry  (not  to  scale). 


The  discharge  conditions  considered  here  are  the 
following: 

Gas:  argon,  pressure:  0.5  torr,  applied  voltage:  10 
kV.  The  secondary  electron  emission  coefficient  has 
been  set  to  0.07.  The  total  steady  state  discharge 


current  was  calculated  to  be  4  A.  The  secondary 
emission  has  only  been  included  for  the  cathode 
surface  labelled  Cl  on  figure  1.  This  was  done  as  a 
first  approach  to  simulate  a  ring-like  cathode. 

3.  Results 

The  results  presented  in  this  section  have  been 
obtained  at  steady  state  for  the  discharge  conditions 
described  above. 

Figure  2  shows  the  spatial  distribution  of  the 
potential.  The  plasma  formation  leads  to  the 
penetration  of  the  anodic  potential  into  the  cathodic 
cavity.  The  cathode  surface  is  surrounded  by  a 
potential  sheath  that  accelerates  the  ions  towards  it. 
These  ions  striking  the  cathode  surface  cause 
emission  of  secondary  electrons  (only  from  the 
surface  Cl)  which  are  responsible  for  the  gas 
ionization. 


0  1  2  3  4  5 


Axial  position  (cm) 

Fig.2.  Equipotential  contours.  Each  contour 
corresponds  to  1/10  of  the  maximum  potential 
(10005  V).  The  plasma  potential  is  higher  than  the 
applied  potential.  Superimposed  on  these  potential 
contours  is  the  trajectory  of  one  electron  emitted 
from  the  cathode  surface  Cl  at  a  point  0.3  cm  from 
C2. 

In  this  potential  distribution,  the  electrons  emitted 
from  the  surface  Cl  tend  to  be  trapped  in  the 
discharge  volume.  This  trapping  increases  the 
ionization  ability  of  these  electrons. 


XXni  ICPIG  ( Toulouse,  France )  17  -  22  July  1997 


Radial  position  (cm) 


I-lOl 


This  trapping  is  also  illustrated  in  figure  2  which 
displays  the  trajectory  of  an  electron  emitted  from  the 
surface  Cl  at  an  axial  position  0.3  cm  away  from 
C2. 

The  ionization  source  term  distribution  is  shown  in 
figure  3.  The  maximum  ionization  occurs  in  the 
center  of  the  discharge  cell.  We  assume  that  this 
ionization  is  representative  of  the  light  emission,  we 
can  see  that  this  emission  will  be  maximum  in  the 
center. 


Axial  position  (cm) 


Fig.3.  Contours  of  constant  ionization  source  term. 
Each  curve  corresponds  to  1/20  of  the  maximum  of 

the  ionization  (  5.  10^^  cm'^  s"^) 

Figure  4  shows  the  velocity  field  distribution  of  the 
electron  flux  from  the  fluid  equations,  the  electron 
flux  on  the  axial  direction  versus  the  electron  flux  on 
the  radial  direction.  The  length  of  the  arrows  at  each 
point  is  proportional  to  the  amplitude  of  the  flux. 

We  can  see  on  this  figure  that  flux  of  the  bulk 
electrons  is  directed  toward  the  anode  in  the  center  of 
the  cell  discharge. 


Fig.4  ;  Velocity  field  distribution  of  the  electron  flux 
from  the  fluid  equations 


Thus  the  bulk  electrons  form  a  'beam'  in  the  center 
of  the  discharge. 

The  spatial  distribution  of  the  bulk  electron  density 
is  presented  figure  5.  As  expected  from  the  results 
presented  above,  the  density  shows  a  maximum  in 
the  center  of  the  discharge. 


Axial  position  (cm) 

Fig.5  Contours  of  the  electron  plasma  density.  Each 
curve  corresponds  to  1/20  of  the  maximum  of  the 
density  ( 6.  cm"^) 

Experimentally,  a  high  energy  component  has  been 
observed  in  the  electron  beam  generated  in  this 
discharge  configuration  [1].  This  beam  of  fast 
electrons  is  a  transient  phenomena  and  thus  not 
included  here  in  these  steady  state  results. 
Calculations  of  the  transient  evolution  of  the 
discharge  are  now  underway. 

4.  Conclusion 

The  steady  state  properties  of  low  -pressure  glow 
discharges  in  ring-like  cathode  geometries  are  studied 
here.  For  a  range  of  conditions  the  bulk  electrons 
form  a  beam  in  the  center  of  the  discharge. 

This  work  is  being  extended  to  a  study  of  the 
transient  behavior  of  the  discharge  in  order  to  identify 
the  presence  of  a  fast  electron  beam  during  the 
plasma  formation  and  to  make  quantitative 
comparisons  with  the  experiments  of  ref.  [1]. 
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1.  Introduction 

The  methane  decomposition  in  N2-CH4  discharges 
has  been  the  subject  of  different  studies  in  these 
last  years  [1,2]  due  to  its  interest  in  different  fields 
as  metal  nitriding,  detection  of  small  carbon  impu¬ 
rities  in  N2,  or  for  the  purpose  of  gaining  a  better 
knowledge  of  the  atmospheric  chemistry  of  Titan. 
Therefore,  in  order  to  improve  such  applications 
there  is  a  need  for  a  deeper  vmderstanding  of  the 
influence  of  a  small  methane  addition  (~5%)  on  the 
different  species  produced  in  the  discharge  such  as 
N(^S),  N2(A  N2(X  ^E+,v),  which  constitute 
the  active  nitrogen. 

2.  Kinetic  model 

Here,  we  present  preliminary  results  from  a  self- 
consistent  kinetic  model  for  a  low  pressure  glow- 
discharge  in  N2-CH4,  which  solves  the  electron 
Boltzmann  equation  coupled  to  a  system  of  steady- 
state  rate  balance  equations  for  the  vibrational  lev¬ 
els  N2(X  ^E+,v),  the  electronically  excited  states  of 
N2(A  3E+,B  3n„C  3n„,a'  iE-,a  inj,w  1A„),  the 
N(^S)  atoms,  the  most  populated  neutral  species 
produced  either  from  dissociation  of  CH4  (CH3, 
CH2,  H2,  H)  or  in  reactions  with  N2  (HCN,  H2CN, 
CN,  NH),  the  most  important  ionic  species  (Nj"*", 
N4'*",  CH4‘*',  CHg'*',  CH3'*'),  as  well  as  some  other 
species  included  in  the  model  for  mathematical  con¬ 
venience  (C2H4,  C2H5,  C2H6)  in  order  to  ensure 
that  the  complete  system  of  master  equations  has 
a  non-zero  steady-state  solution.  Further,  the  re¬ 
duced  electric  field  required  for  the  maintenance 
of  the  plasma  is  self-consistently  determined  from 
this  modeL  The  Boltzmann  equation  is  solved  us¬ 
ing  a  consistent  set  of  electron-molecule  cross  sec¬ 
tions  for  CH4  derived  in  this  work  by  comparing 
our  predicted  results  with  swsirm  data,  whereas  the 
electron  cross  sections  of  N2  are  taken  from  [3].  A 
complete  list  of  the  heavy-particle  processes  con¬ 
sidered,  along  with  the  pertinent  rate  coefficients 
selected  from  the  literature,  will  be  made  available 
at  the  conference. 

3.  Results  and  Discussion 

Figs.l  to  4  show  the  relative  concentrations  of 
N('*S)  atoms  and  of  the  triplet  states  of  N2(A  ®E+, 


Fig.l  -  Relative  concentration  [N(*S)]/N  vs.  [CH4]/N, 
for  p=1.5  Torr  and  1=10,  30,  50  mA. 


B  ^Ug,  C  ^Ho)  predicted  here,  as  a  function  of  the 
fractional  concentration  of  CH4  in  the  mixture,  in 
a  DC  N2-CH4  glow-discharge  of  tube  radius  R;=l 
cm,  for  p=1.5  Torr,  and  1=10  mA,  30  mA  and  50 
mA.  Fig.l  shows  that  the  concentration  [N(^S)]/N 
(where  N  denotes  the  total  gas  density)  rapidly  in¬ 
creases  as  a  small  percentage  of  CH4  is  added  to  N2 
(~0.5%)  as  a  result  of  the  increase  of  the  mainte¬ 
nance  electric  field,  which  in  turn  is  a  consequence 
of  the  reduction  of  the  contribution  from  associative 
ionization  involving  collisions  between  electroni¬ 
cally  excited  states  N2(A  ®E+)-f-N2(a'  ^E“)  and 
N2(a')+N2(a'),  since  the  N2(a')  state  is  strongly 
quenched  by  CH4  [4].  We  note  that  as  the  asso¬ 
ciative  ionization  ceases  to  exist  the  electric  field 
must  increetse  in  order  to  susteiin  the  discharge. 
On  the  other  hand,  the  decrease  of  [N(^S)]/N  for 
larger  concentrations  of  CH4  is  associated  with  de¬ 
population  mechanisms  through  the  following  reac¬ 
tions:  N(*S)-bCH3  HjCN-l-H;  N(4S)+H2CN  -v 
HCN-fNH;  N(^S)-bNH  — +  N2-1-H.  This  behaviour 
is  in  qualitative  agreement  with  measurements  in 
the  flowing  afterglow  of  a  microwave  N2-CH4  dis¬ 
charge  [5].  Fig.2  shows  that  the  relative  concentra¬ 
tion  of  N2(A  32+)  exhibits  a  reverse  dependence 
on  [CBU]/N  as  compared  to  that  shown  in  fig.l  for 
the  N(^S)  atoms,  which  is  mainly  associated  with 
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[CH^I/NCM.) 

Fig.2  -  As  in  fig.l  but  for  [NjIA 


the  enhancement  (for  [CH4]/N~0.3%)  and  with  the 
diminution  (~0.3%)  of  the  quenching  of  N2(A)  by 
N(^S)  atoms.  The  rapid  decrease  of  the  concen¬ 
tration  of  N2(B  ^IIj)  molecules  shown  in  fig.3,  as 
very  small  percentages  of  CH4  are  added  to  N2, 
has  the  same  origine  as  in  hg.2,  since  both  states 
are  strongly  correlated  in  the  overall  kinetics.  Fur¬ 
ther,  the  increase  of  [N2(B)]  for  larger  percentages 
of  CH4  occurs  in  a  smaller  extent  than  that  ob¬ 
served  for  [N2(A)],  due  to  an  enhancement  of  the 
quenching  of  N2(B).  We  note  that  the  rate  coeflS- 
cient  for  quenching  of  N2(B)  by  CH4  is  about  one 
order  of  magnitude  larger  than  that  for  quenching 
by  N2  [6],  while  the  rate  coefficients  for  quenching 
of  N2(A)  by  N2  and  CH4  are  close.  Finally,  fig.4 
shows  an  increase  of  the  relative  concentration  of 
N2(C  ®IIu)  as  very  small  percentages  of  methane 
are  sidded  to  N2,  which  is  a  consequence  of  the  in¬ 
crease  of  the  maintenance  electric  field.  Prelimi¬ 
nary  spectroscopic  measurements  on  the  1+  and  2+ 
system  bands  of  N2  €ire  in  agreement  with  these  pre¬ 
dicted  behaviours  for  the  concentrations  of  N2(B) 
and  N2(C)  states. 

[1]  -  A.  Bicard  et  al  1995  Planet.  Space  Sci.  ^ 
41;  [2]  -  J.-C.  Legrand  et  al  1995  Proc.  12th  ISPC 
(Minneapolis)  vol.2,  p.601;  [3]  -  L.C.  Pitchford  and 
A.V.  Phelps  1982  Bull.  Am.  Phys.  Soc.  27  109; 
[4]  -  L.G.  Piper  1987  J.  Chem.  Phys.  87  1625;  [5] 
-  J.-C.  Legrand  et  al  1994  Proc.  12th  ESCAMPIG 
(Noordwijkerhout),  p.324;  [6]  -  L.G.  Piper  1992  J. 
Chem.  Phys.  97  270. 

This  work  has  been  carried  out  under  the  support  of 
a  PRAXIS  XXI  Research  Grant  (Portuguese  Min¬ 
istry  of  Science  and  Technology). 


(CH,I/N(%) 

Fig.3  -  As  in  fig.l  but  for  [N2(B  ®n,)]/N. 


[CHJ/N(%) 

Fig.4  -  As  in  fig.l  but  for  [NjfC  ®n„)]/N. 
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1.  Introduction 

The  present  work  deals  with  the  experimental  and 
numerical  study  of  radiation  trapping  of  the 
KrC^i^'So)  resonance  line  in  Kr-Ar  mixtures. 
Theoretical  studies  have  been  done  in  the  case  of 
merely  cylindrical  and  plane  geometric  vessels 
containing  a  pure  gas  [1],  [2],  [3], 

Nonetheless,  our  experimental  study  concerns  a  brief 
laser  excitation  (5  ns)  of  the  resonant  state  produced  in 
a  finite  nearly  cylindrical  vessel  at  the  focal  point  of  a 
40  mm  focal  length  lens. 

The  simulation  is  done  with  a  Monte-Carlo  method. 

2.  Apparent  lifetime  determination  by  the 
Monte-Carlo  method 

The  apparent  radiative  lifetime  of  an  excited  state  is 
given  by  t,  =  -t„  ,  where  -c„  is  the  natural  lifetime  of 

the  resonant  state,  and  g  the  escape  factor  whose 
inverse  represents  the  mean  absorption-reemission 
processes  undergone  by  a  photon  before  reaching  the 
detector. 

The  analysing  cell  containing  the  excited  gas  is  rather 
complex.  Indeed,  this  cell  is  a  cylindrical  one  equipped 
with  two  observation  windows,  the  laser  entrance  and 
exit  and  the  gaz  entry.  In  a  first  approximation  it  can 
be  assimilated  to  a  finite  cylindrical  volume  whose 
wall’s  reflection  coefficient  for  VUV  photons  is 
negligible. 


The  resonant  states,  initially  created  by  short  pulses  of 
a  50  Hz  pulsed  tunable  dye  laser,  are  localized  in  the 
laser’s  confocal  volume  (Fig.  1).  These  excited  atoms 
spontaneously  lose  their  energy  through  emission  of 
resonant  photons  whose  treatment  is  based  on  the 
drawing  of  4  random  numbers  Xi,  X2,  Xyand  X4  [4], 
where  0<Xi<l. 


The  frequency  of  an  emitted  photon  is  determined  by 
the  pressure  broadening  assuming  complete  frequency 
redistribution ; 

v  =  v.+^tan|^(x,-D} 

Vq  and  AVp  are  the  line’s  central  fi-equency  and  full- 

widtli  at  half  maximum  respectively. 

Photons  of  negligible  flight  time  are  assumed  to  be  in 
rectilinear  motion  between  the  emitting  atom  Me  and 
the  absorbing  one  Ma.  Each  photon  trajectory  is 
defined,  in  polar  coordinates,  by  its  emission  angles  0, 
(Pd  and  the  distance  D  covered  during  one 
emission/absorption  process.  These  geometrical 
parameters  are  given  by : 

COS0  =  2X2  - 1 
(Pd  =  271X3 
D=  -mfp  .  InfXd) 

mfp  is  the  mean  free  path  of  a  photon  at  frequency  v. 

We  follow  each  photon  individually  from  its  emission 
at  the  laser’s  focalising  point  to  its  exit. The  absorbing 
position  Ma  is  obtained  from  the  emitting  one  M^,  0, 
<Pd  and  D.  If  the  calculated  absorbing  position  lies 
inside  the  cell  then  it  is  considered  as  the  new  emitting 
position  of  the  following  absorptioh/emission  process. 
This  procedure  is  repeated  until  the  photon  leaves  the 
cell.  Only  those  reaching  the  photomultiplier  tube  are 
considered  for  the  escape  factor  determination. 

The  escape  factor  and  hence  the  apparent  lifetime  are 
deduced  from  the  overall  photons  and  laser  flashes. 
Taking  into  account  the  frequency  of  each  detected 
photon  we  can  obtain  the  simulated  emission  line 
profile.The  numerical  method  has  been  elaborated  for 
the  study  of  the  imprisonment  of  resonance  lines  in 
rare  gases  mixtures. 

3.  Radiation  trapping  theory  in  mixtures 

In  the  Kr-Ar  mixtures,  the  line  broadening  is 
accounted  by  the  Kr-Kr  and  Kr-Ar  collisions, 
respectively  described  by  the  resonance  broadening 
and  the  heteronuclear  collision  broadening  of  the 
Kr(^Pi->*So)  transition.  These  line  broadenings  are 
introduced  by  their  respective  coefficients  ^  and  ^ 
which  allow  the  determination  of  the  absorption 
coefficient  and  thus  the  apparent  lifetime. 

Misgiven  by  [5] : 
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^Kr 


- 

82/ 


11,7. 2t  .Eo  .nij .  Vq 
where  gi  and  g2  are  the  statistical  weights  of  the  lower 
and  upper  states  respectively,  f  is  the  oscillator 
strength  of  the  transition. 


As  far  as  ^  is  concerned  we  don’t  have  any 
theoretical  expression.  Its  determination  is  done 
experimentally. 

Indeed,  the  variation  of  the  apparent  lifetime  with 
the  argon’s  concentration  C  is  given  by  [6] : 

,.=aI-.  '-9.  —  (1) 

V(1-C)?K,  + 

p 

where  C  = - — - .  The  constant  A  depends  only 

^Ar 

on  the  cell’s  geometry  and  the  atomic  characteristics 
of  the  transition.  Its  exact  theoretical  determination  is 
not  easy.  The  measured  apparent  lifetime  Xa  of  the 
resonant  state  can  be  deduced  from  the  recorded 
temporal  evolution  of  the  luminescence  decay.  This 
determination  has  been  realised  by  means  of  an 
ejqierimental  setup  allowing  selective  excitation  of  the 
Kr(^i)  state  by  3-photons  absorption  from  the  ground 
state  ('So)  [7].  ^  is  deduced  from  the  measured  value 
ofxa. 


4.  Experimental  results 


varies  linearly  (Fig.  2)  with 


C 

1-C’ 


in 


accordance  to  theoretical  prediction  (1).  ^  is 
evaluated  from  this  curve  since  ^  is  theoretically 
determined. 


^  =  1,9  10-’® m^s’  (with ^  =  9,8  lO’'* m^s') 


Fig  2  Measured  values  of  Xa  versus  C/(l-C) 


5.  Numerical  results 


The  apparent  lifetime  is  obtained  by  using  the  natural 
lifetime  of  the  Kr(^Pi)  state  Xn,  the  theoretical  value  of 
§Kr  and  the  measmed  value  of  ^  (Table  1).  The 
difference  between  experimental  and  simulated  values 
of  Xa  can  be  explained  by  the  simplifi^  geometry 


compared  to  the  real  one.  Besides,  the  wall’s  reflection 
coefficient  is  not  exactly  zero. 


Pkr(torr) 

C 

Simulated  values 

Measured  Values 

1 

2 

4 

(Mean  values) 

0 

4.78 

4.79 

5.00 

4.01 

0.9 

2.68 

2.69 

2.64 

2.00 

0.98 

1.32 

1.32 

1.30 

1.08 

0.99 

0.91 

0.91 

0.93 

0.82 

Table  1 :  Calculated 

and  measured  apparent  lifetimes 

of  the  Kr^i  state  (ps) 

The  emission  profile  of  the  Kr(^Pi->'So)  line  has  been 
simulated  by  our  numerical  method  (Fig.  3).  Its  shape 
characterizes  a  high  absorption  of  the  resonance  line. 
This  is  a  very  interesting  result  as  well  since  our 
experimental  setup  does  not  allow  its  measurement. 


(v-Vj)  /  AVp 

Fig  3  ;  Simulated  emission  profile  for  C  =  0.99 

Actually  we  are  improving  this  method.  It  should  be 
used  in  our  kinetic  studies  so  as  to  determine  apparent 
lifetimes  corresponding  to  experimental  situations 
where  their  measurements  are  rather  difficult. 
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1.  Introduction 

Accurate  knowledge  of  the  natural  lifetime  x„ 
(inversely  proportional  to  the  optical  oscillator 
strength)  and  the  resonance  interaction  constant  K  is 
needed  for  applications  in  plasma  physics  and 
astrophysics.  The  determination  of  these  values  has 
been  the  subject  of  several  experimental  and  theoretical 
studies  performed  with  various  methods  (for  an 
overview  see  [1]). 

Multiphoton  excitation  processes  offer  a  more  selective 
excitation  mechanism  compared  to  a  gas  discharge  and 
don’t  have  the  practical  problems  connected  to 
excitation  with  intense  VUV-light.  These  factors  make 
it  a  favourable  method  to  populate  excited  states  in  the 
vacuum  ultraviolet  spectral  region  [2].  We  use  this 
technique  for  studying  the  imprisonment  of  the  ^So-'Pi) 
116.49  nm  resonance  radiation  in  Kr.  We  present 
measurements  of  the  lifetime  of  the  Kr  'Pi  resonance 
level  by  making  use  of  three  photon  excitation.  The 
measurements  are  compared  with  theoiy  and  Monte 
Carlo  simulations.  Fitting  the  theoretical  curve  to  the 
experiment  yields  the  resonance  interaction  constant. 

2.  Experiment 

The  measurements  are  performed  in  the  0.01-10  Torr 
pressure  range.  The  'P|  level  of  Kr  is  populated  by 
means  of  a  three  photon  excitation  process.  Therefore 
we  use  a  pulsed  dye  laser,  transversely  pumped  by  a 
Nd-Yag  laser.  The  dye  laser  is  operated  with  pyridine  1 
in  the  wavelength  range  around  698  nm:  the  698  nm 
radiation  is  frequency  doubled  and  focused  into  the 
centre  of  a  cylindrical  cell  with  a  radius  of  1.28  cm. 
The  decay  of  the  resonance  radiation  is  measured  with 
a  resolution  of  40  ns  during  40ps  after  the  laser  pulse. 
The  munber  of  detected  photons  as  a  fimction  of  time 
after  the  laser  pulse  is  registered  with  a  multichannel 
analyser. 

The  measurements  below  0.3  Torr  can  be  fitted  at  late 
times  by  a  single  exponential  decay  term  plus  a 
constant.  For  higher  pressures  the  second  term  gains 
importance  and  should  be  replaced  by  another 
exponential  decay  term  to  reproduce  the  measured 
curve.  This  indicates  the  occurrence  of  ionization 
processes  caused  by  the  laser  interaction:  the  three 
photon  excitation  of  the  Kr  *Pi  resonance  level  is 


followed  by  a  single  photon  transition  from  the 
resonance  level  to  the  continuum.  These  ions  decay  into 
the  'Pi  level  through  radiative  or  dissociative 
recombination  processes  characterized  by  a  slow  decay 
rate.  The  decay  of  these  excited  atoms  to  the  ground 
state  is  mainly  determinated  by  the  slower 
recombination  process  and  not  by  the  lifetime  of  the  ’Pi 
level. 

As  a  consequence  of  successive  emission  and  re¬ 
absorption  processes  before  a  photon  leaves  the  cell,  the 
resonance  level  acquires  an  apparent  lifetime  longer 
than  the  natural  lifetime.  The  decay  frequency  p, 
computed  from  the  first  (largest)  exponential, 
corresponds  to  the  apparent  lifetime  and  is  plotted  as  a 
fimction  of  pressure. 

3.  Comparison  with  theory 

The  theory  of  Post  [3]  for  radiation  transport,  takes  into 
account  the  correlation  between  absorb^  and  emitted 
photon  frequency  (partial  frequency  redistribution)  and 
describes  the  late  time  decay  (fimdamental  mode)  with: 


7  Y 


iiT^)dx, 


with  X  =  reduced  frequency,  7  the  escape  fimction  and 
Tx  the  product  of  the  absorption  coefficient  and  the 
cylinder  radius.  P^  is  the  probability  of  a  decorrelating 
elastic  collision  and  a(x)  is  a  fast  varying  fimction 
between  0  and  1  providing  partial  frequency 
redistribution  in  the  line  wings  and  complete 
redistribution  in  the  centre  of  the  line  profile.  We  use  a 
Voigt  profile  Lv(x)  combining  natural  line  broadening, 
Doppler  and  pressure  broadening.  The  FWHM  for 
pressure  broadening  (in  the  case  of  resonance 
broadening)  depends  on  the  interaction  constant  K  [4]. 
A  value  of  K  =  2.09  is  supported  by  several  authors 
and  gives: 

FWHM  =  0.904  ^  ^  . 

gl 


Decay  rates  are  calculated  in  an  infinite  cylindrical 
geometry  using  an  approximation  [5]  for  the  escape 
fimction. 
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Varying  the  natural  lifetime  in  the  calculations,  we 
search  for  the  best  agreement  with  measurements.  The 
best  fit  with  the  experiment  (Figure  1),  not  taking  into 
account  the  second  minimum,  yields  a  value  of 
Xn  =  3.6±0.1ns  which  is  in  agreement  with  other 
experimental  results  [6]. 


Figure  1;  Decay  rate  as  a  fimction  of  pressure: 
comparison  between  analytical  formula  of  Post  and 
experiment 

Using  this  Xn  we  vary  the  resonance  interaction 
constant  K  towards  the  impact  approximation  limit  [4] 
(K  =  2,72).  Figure  1  shows  this  approximation  is  valid 
for  pressmes  up  to  0.2  Torr.  For  higher  pressures  the 
impact  approximation  nor  the  quasistatic  limit  (K  = 
1.81)  can  explain  the  second  dip  around  3  Torr.  We 
conclude  that  in  the  0.2  -  10  Torr  pressure  range  the 
apparent  lifetime  can  no  longer  be  determinated  based 
on  the  above  line  profile.  A  generalized  line  profile  for 
pressure  broadening,  regardless  of  the  duration  of 
collisions,  has  to  be  applied  [7]. 

4.  Monte  Carlo  simulations 

The  Monte  Carlo  code  written  in  our  laboratory  [8]  has 
proven  to  be  a  useful  tool  in  describing  the 
imprisonment  of  resonance  radiation. 

We  search  for  the  best  agreement  with  the  experiment 
(Figure  2).  A  natural  lifetime  of  3.6  ±0.1  ns  is 
confirmed. 

5.  Conclusions 

•  The  natural  lifetime  Xn  obtained  in  the  present 
experiment  differs  from  results  where  a  constant  p 
is  assumed  in  the  0.2  -  10  Torr  pressure  range  [9]. 

•  Due  to  the  good  accuracy  of  the  present  experiment, 
the  occurrence  of  a  second  minimiun  is  established. 

•  Limiting  the  analysis  to  the  first  minimum,  the 
experiment  gives  a  natural  lifetime  in  agreement 
with  earlier  theoretical  work  [10]:  x„  =  3.6  ns. 

•  We  find  a  resonance  interaction  constat  K  =  2.09 


in  good  agreement  with  the  experimental  result  of 
Hutcherson  et  al  [1 1]  and  within  the  theoretical 
limits[4]. 


Figure  2:  Decay  rate  as  a  function  of  pressure: 
comparison  between  Monte  Carlo  simulation  and 
experiment. 
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The  goal  of  the  work  is  to  study  experimentally  near¬ 
electrode  plasma  electron  energy  spectrum  (EES)  in 
capacitive  HF  discharge  with  gap  between  electrodes 
d=6  cm,  diameters  active  electrode  0.5  cm  and  earthed 
electrode  5.8  cm,  HF  voltage  amplitude  V_  ^  2.5  kV. 
The  near  earthed  electrode  region  plasma  created 
mainly  by  active  electrode  electron  beam  has  been 
investigated.  According  to  theoretical  [1]  and 
experimental  [2]  data,  the  aforesaid  beam  energy 
attains  the  value  seb  ~  2eV-  .  The  measurements 
performed  with  the  aid  of  electrostatic  and  magnetic 
charged  particle  energy  analyzers  located  beyond  the 
earthed  electrode.  The  energy  analyzer  output  signals 
were  recorded  in  quasistationaiy  regime  and 
oscillographically.  The  spectral  line  intensity  emission 
space  distribution  Ix  (x)  in  the  discharge  is  shown  at 
Fig.  1.  General  view  of  investigated  plasma  EES  and  its 


Fig.  1.  The  spectral  lines  He  1  4715A,  He  11 4686A 
intensity  space  distribution  in  CHFD. 

He,  p=0.2  Torr,  f=2.1  MHz,  V=500V. 

separate  intervals  are  presented  at  Fig.2.  The  relation 
of  chaotic  and  directed  EES  components  obtained  with 
the  aid  of  the  energy  analyzers  one  can  see  at  Fig.3. 
The  electron  flows  at  electrode  oscillograms  provided 
different  energy  analyzer  collector  retarding  potentials 
Vk  are  shown  at  Fig.4.  Since  maximum  emission 


intensity  observed  near  the  earthed  electrode  not  near 
the  active  one,  then  the  main  gas  excitation  near 
electrode  cause  appears  not  HF  field  but,  evidently,  the 
near-electrode  electron  beams  (NEB).  NEB  being 
influence  actively  on  gas  in  the  opposite  electrode 
neighbourhood.  The  evaluation  showed  that  NEB  free 
path  length  in  gas  was  Xeb  ~  10-15  cm,  hence  ?^eb  >  d. 
However  the  distance  from  electrode  to  intensity 
emission  maximum  was  ~  5cm  <  d.  The  supposition 
was  voiced  that  NEB  relax  rapidly  as  a  result  of 
excitation  by  them  Langmuir  oscillations  in  plasma.  At 
experimental  conditions  the  oscillation  growth 
increment  y~  (neb/ne)'^^ti)eo  ~  10*s'’,  where  neb  and  ne  - 
beam  and  plasma  electron  densities,  coeo  -  electron 
plasma  frequency.  The  characteristic  build  -  up  of 
Langmuir  oscillation  length  Leb  ~  Wy  »  10®/2*10*  =  5 
cm  (u«b  -  beam  velocity),  which  corresponds 
experimental  data.  Thus,  Langmuir  oscillations 
excitation  and  NEB  quick  dying  are  possible.  In  such 
situation  the  beam  electron  peak  in  EES,  observed  in 
time-avereged  measurements  (Fig.2),  must  be  absent. 
The  peak  presence  may  be  explained  by  the  near- 
electrode  plasma  physical  processes  time  course.  It  was 
established  that  the  pulse  1  at  oscillogramm  Fig.4 
caused  by  chaotic  plasma  electron  input,  but  pulse  2  -by 
the  directed  beam  electrons.  The  aforesaid  beam  exists 
in  negative  HF  field  half-period  during  which  the  space 
charge  near-elecrode  sheath  .  (SCNS)  at  earthed 
electrode  undergo  collapse.  At  the  beginning  the  pulse 

1  increases  what  shows  the  chaotic  “hot”  electrone  flow 
increase,  but  then  -  decreases  and  beam  electron  pulse 

2  appears.  During  the  pulses  1  and  2  coming, 
simultaneously  the  processes  are  going:  1)  Langmuir 
oscillations  bilding-up  by  electron  beam  and  2)  the 
SCNS  width  and  near-electrode  potential  barrier  for 
electrons  are  decreasing.  The  last  processes  facilitate 
leaving  of  electrons  to  the  electrode  and  values  ne  and  y 
decreasing.  As  a  result,  Langmuir  oscillations  fade  and 
the  beam  manifest  itself  as  the  pulse  2.  Thus,  the  NEB 
arrives  at  the  electrode  only  during  the  second  half  of 
the  negative  HF  field  half-period,  when  EES  with 
“plateau”  in  the  high-energy  region  turns  into  the 
energy  distribution  with  the  beam  peak  at  its  end. 

The  work  was  supported  by  the  grant  N  94-02-05194  of 
RFFI.  References. 
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Fig.2.  General  view  of  CHFD  near-electrode 
plasma  EES  and  its  separate  energy  intervals. 
Air,  p=0.1  Torr,  f=1.2  MHz,  V=850V. 

a.  0<8e<50eV 

b.  500eV<Ee<l500eV 

c.  1800  eV<8e  <2100  eV 


Fig.3.  Near-electrode  plasma  CHFD  EES 
chaotic  and  directed  components. 

Air,  p=0.1  Torr,  f=2.3  MHz,V=800V. 


0  T/2  T  3T/2 

Fig.4.  Oscillograms  of  the  charge  particles 
flows  to  electrode  CHFD. 

Air,  p=0.07  Torr,  f=l  .2  MHz,  V=1 750V 
1)  Vk=-27V,  2)Vk=-300V,  3)Vk=-400V 
4)  Vk=-620  V. 
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1.  Introduction 

Microwave  discharges  in  the  atmosphere  are  now 
thought  to  have  great  environmental 
implications.  Recently  there  have  been  a  number 
of  interesting  proposals  for  eg.  the  removal  of 
CFC's  from  the  atmosphere  [1],  for  ozone  layer 
remediation  [2].  There  are  models  which  predict 
that  if  the  discharge  is  carried  out  at  the  ozone 
layer,  the  products  of  the  plasma-chemical 
reactions  could  include  the  oxides  of  nitrogen 
(NOx),  which  would  destroy  the  already  existing 
ozone.  Therefore  it  is  considered  advantageous 
to  create  the  artificial  ionization  layer  (AIL) 
slightly  above  the  ozone  layer,  most  suitably  in 
the  D  layer  at  heights  between  60  to  80  km,  so 
that  the  generated  ozone  would  sink  down  due 
to  its  mass.  Furthermore,  the  D  layer  is  known  to 
be  rich  in  negative  ions,  which  may  be  beneficial 
both  for  the  protection  and  generation  of  ozone, 
as  there  are  some  reactions  involving  negative 
ions  which  generate  ozone  [3].  In  this  work  we 
study  the  processes  in  the  afterglow  of  such 
pulsed  plasmas  at  pressures  corresponding  to  the 
height  of  the  upper  atmosphere  above  the  ozone 
layer.  We  study  the  temporal  afterglow  and  use 
pulsed  microwaves  as  a  continuation  of  a 
previous  work  [4].  The  afterglow  plasmas  are 
very  important  tecause  of  the  reactions  between 
radicals  and  negative  ions  which  needs  to  be  well 
understood  for  overall  ozone  production  and 
protection.  We  begin  our  studies  with  a  simple 
monoatomic  gas  Argon,  then  going  on  to  the 
molecular  gas  nitrogen  and  finally  studying  air 
discharge. 

2.  Experimental  setup 

Figure  1  shows  a  schematic  of  the  experimental 
apparatus.  It  consists  of  a  large  space  chamber 
inside  which  a  multicusp  type  plasma  bucket  MC 
of  20  cm  (j)  was  placed  for  plasma  confinement. 
Ar,  N2  or  air  was  introduced  into  the  chamber 
and  the  experiment  was  performed  at  0.2-1 
Torr.  Pulsed  microwaves  (MW)  of  0.4  (is  pulse 
width,  60  kW  peak  power  from  a  3  GHz 
magnetron  oscillator  PM  with  a  pulse  repetition 
frequency  of  546  Hz  were  introduced  into  the 
chamber  through  the  attenuator  ATT,  matching 
element  M,  mode  converter  T  for  changing  the 
rectangular  TEio  mode  into  the  cylindrical 
TEii  mode  and  finally  through  the  quartz 
window  W  into  the  space  chamber.  Power 


monitors  Pf  and  Pr  indicated  the  feed  and 
reflected  powers,  C  is  a  cylindrical  waveguide  to 
guide  the  waves  into  MC.  Measurements  of  the 
plasma  decay  with  time  were  made  with 
Lan^uir  probes  PI,  P2  placed  at  the  center  and 
outside  of  the  bucket.  The  transient  probe 
current  data  at  a  particular  probe  voltage  (Vp) 
were  taken  by  a  digital  oscilloscope  and  Vp  was 
varied  in  the  range  -40-30  V. 


Fig.l  Schematic  of  the  experimental  apparatus 


3.  Results  in  Argon  discharge 
In  figure  2  we  show  the  plasma  decay  profile  for 
p=0.24  Torr  and  at  Vp=-40  V.  Tfie  plasma 
decay  could  be  fitted  with 
I(t)=Ioexp(-pt)/{  l+(noa/p)(l-exp(-pt)} 
as  shown  by  a  solid  curve,  where  a : 
recombination  coefficient,  Hq  (=10^®cm'3)  is  the 
initial  plasma  density,  p=Da/A2,  A  being  the 
characteristic  length  and  Da  the  ambipolar 
diffusion  coefficient.  We  obtained  a=(l-2)xl0'^ 
cmVs  and  p=(0.4-0.5)xl06  s'l,  at  p=0.2-l  Torr. 
While  a  had  almost  the  same  values  at  all 
pressures,  P  became  slightly  lower  at  p>0.9 
Torr.  Moreover  at  lower  pressures  the  decay 
could  not  be  described  by  a  single  p,  as  during 
the  final  stage  of  the  discharge  the  decay  was 
very  rapid  (cf.  Fig.  2).  Figure  3  shows  probe 
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characteristics  at  0.24  Torr,  for  three  different 
time  periods  after  the  end  of  the  MW  pulse. 
Variation  of  the  electron  temperatures  Te,  with 
time  as  obtained  from  the  electron  current  part 
of  the  probe  characteristics  are  also  shown  in  fig. 

2.  The  observed  temperature  decrease  with  time 
could  be  due  to  the  loss  of  electron  energy  due 
to  electron-neutral  collisions. 

3.  Results  in  Nitrogen  discharge 

Figure  4  shows  the  characteristics  of  the 
afterglow  plasma  in  N2  at  -16  V  probe  voltage 
and  for  p=0.24  Torr  and  0.92  Torr.  The  N2 
afterglow  has  marked  differences  from  the  Ar 
afterglow.  In  this  case  the  diffusion  loss  at  the 
later  stage  of  the  discharge  is  alleviated,  this  is 
probably  by  the  effect  of  metastable  atoms  (eg. 

N2(a35^,  N*  etc)  which  accounts  for  the 
cumulative  ionization  after  5  |is.  This  effect  of 
metastable  atoms  leading  to  additonal  ionization 
is  more  profound  at  lower  pressures  and  can  be 
explained  by  the  measured  result  of  a  higher  Te 
at  lower  p. 


Fig.2  Decay  of  the  ion  current  in  Argon  and 
variation  of  Te  with  time 


Fig.3  Probe  Characteristics  in  Argon 


3.  Results  in  Air  discharge 
Figure  5  shows  the  case  of  air  discharge,  a 
double  hump  appears  at  t  «  2  ps  besides  the 
hump  at  the  later  stage  of  the  discharge  as 


observed  in  N2.  The  first  decay  may  be  due  to 
the  electron-ion  recombination  while  the  second 
may  be  due  to  positive-negative  ion 
recombination.  The  double  hump  appeared 
more  conspicuously  at  p>0.6  Torr.  It  was  very 
difficult  to  get  a  discharge  above  0.6  Torr.  This 
is  a  further  support  to  the  fact  that  the  negative 
ions  are  profusely  generated  at  higher  pressures. 


Fig.4  Decay  of  the  ion  current  in  Nitrogen 


3.  Conclusions 

In  pulsed  microwave  afterglow,  the  decay 
profiles  of  atomic  rare  gas,  molecular  gas,  and  a 
mixture  gas  containing  an  electronegative  gas 
have  been  experimentally  studied.  The  effects  of 
recombination,  diffusion,  metastables  and 
negative  ions  have  been  observed. 
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I .  Introduction 

Fluid  models  of  non  equilibrium  discharge  plasmas 
are  based  on  solutions  of  the  electron  and  ion  moment 
equations  coupled  with  Poisson’s  equation.  Using 
moment  equations  instead  of  Boltzmann  equation  to 
describe  charged  particle  transport  implies  some 
assumptions  on  the  charged  particle  velocity  distribution 
functions.  These  assumptions  have  consequences  on  the 
form  of  the  transport  terms  of  the  moment  equations 
(e.g.  pressure  tensor  or  thermal  flux)  but  also  on  the 
collision  terms  (ionization  rate,  energy  loss  rate, 
momentum  transfer  frequency).  In  this  paper  we  focus 
on  the  consequences  of  two  usual  assumptions  which 
can  be  made  on  the  electron  energy  distribution  function 
(EEDF)  in  fluid  models  of  RF  discharges  and  we  present 
systematic  comparisons  between  the  two. 

The  models  we  consider  are  based  on  three 
moment  equations  for  electron  transport  and  two 
moment  equations  for  ion  transport,  as  in  [1].  In  this 
approach,  the  collision  terms  are  estimated  by  assuming 
that  the  EEDF  at  a  given  position  and  time  depends  only 
on  the  local  mean  electron  energy.  We  consider  two 
possible  shapes  of  the  EEDF;  1)  a  «swarm  distribution», 
i.e.  an  EEDF  whose  dependence  on  mean  electron 
energy  is  the  same  as  at  steady  state,  under  a  uniform 
electric  field  («swarm  experiment»),  as  in  [1],  and,  2)  a 
Maxwellian  EEDF. 

It  is  expected  that  the  «swarm»  EEDF  will  be  more 
adequate  at  higher  pressure  (above  a  few  100  mtorr,  in  a 
RF  discharge  in  the  a  regime)  while  the  Maxwellian 
shape  should  be  more  appropriate  at  lower  pressure.  It  is 
clear  that  the  real  EEDF  are  generally  different  from 
either  a  swarm  or  a  Maxwellian  distribution  in  these  non 
equilibrium  plasmas  but  1)  assumptions  on  the  EEDF 
must  be  made  in  a  fluid  model,  and  2),  the  aim  of  this 
paper  is  to  estimate  the  consequences  of  these 
assumptions  on  the  final  results. 

II  -  Description  of  the  fluid  model 

The  ID  fluid  model  we  use  is  similar  to  the  one 
described  (for  a  2D  geometry)  in  [1].  The  momentum 
transport  equation  is  written  in  the  drift-diffusion  form, 
i.e.  inertia  is  neglected  and  the  drift  energy  is  supposed 
to  be  small  with  respect  to  the  thermal  energy.  These 
assumptions  are  better  for  electrons  than  for  ions  in  a  13 
MHz  RF  discharge  in  the  100  mtorr  range,  and  we  shall 
discuss  elsewhere  the  consequences  of  these 
assumptions  in  the  ion  momentum  transport  equation. 
The  numerical  model  is  fully  implicit  and,  the  equations 
are  discretized  using  an  exponential  scheme. 


The  momentum,  energy  loss,  and  ionization 
frequencies  for  the  swarm  case  are  obtained  from  a 
Monte  Carlo  simulation  under  uniform  field  conditions 
and  are  tabulated  as  a  function  of  mean  electron  energy. 
In  the  Maxwellian  case,  these  frequencies  are  tabulated 
as  a  function  of  mean  electron  energy  using  the  known 
electron-molecule  cross-sections. 

III  -  Discharge  conditions 

Calculations  have  been  made  for  the  two 
assumptions  in  a  13.56  MHz  RF  argon  discharge  for 
pressure  between  50  and  500  mtorr  with  RF  voltages 
ranging  Ifom  30  to  200  V  and  for  a  2.5  cm  gap  length. 
Results  from  the  swarm  and  Maxwellian  models  have 
been  compared  together  and  also  with  the  results  of 
Meyyappan  et  al  [2]  performed  in  the  same  conditions. 

We  also  performed  calculations  at  12.0  MHz,  for  a 
gap  length  of  4  cm,  in  the  150-500  mtorr  pressure  range, 
and  for  applied  RF  voltages  from  200  to  800V.  These 
results  were  compared  to  those  of  Nitschke  et  al,  [3] 
(for  250  mtorr  only)  in  Ref.  [4]. 

IV  -  Results 

In  order  to  illustrate  the  discrepancies  or 
similarities  between  the  results  for  a  swarm  or  a 
Maxwellian  EEDF,  the  calculated  parameters  (electron 
density,  ionization  rate,  power  and  current)  are  plotted 
only  in  a  relative  form:  the  ratia  between  the  swarm 
calculation  and  the  Maxwellian  calculation  is  plotted  for 
each  parameter. 


20  40  60  80  100  120  140160  180  200  220 
Applied  RF  voltage  (V) 

Figure  1 :  Ratio  of  Swarm  to  Maxwellian  values  for 
electron  density  and  ionization  rate  V5.  RF  voltage 
amplitude  and  for  different  pressures  in  a  13.56  MHz, 
2.5  cm  gap  length  RF  discharge 

Figure  1  shows  the  variations  with  applied  RF 
voltage  and  for  different  values  of  the  pressure  of  the 
ratio  of  the  swarm  to  Maxwellian  calculated  values  of 
the  time  averaged  electron  density  and  ionization  rate  in 
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argon.  We  see  that  the  discrepancy  between  the  swarm 
and  Maxwellian  results  tends  to  be  smaller  at  lower 
pressure.  At  50  mtorr,  the  plasma  density  deduced  from 
the  swarm  model  is  about  twice  smaller  than  the  one 
obtained  with  the  Maxwellian  EEDF,  while  the  ratio  can 
be  as  large  as  6  at  500  mtorr. 

Figure  2  shows  the  results  obtained  in  helium.  These 
results  exhibits  similar  trends  that  in  argon  although  the 
agreement  between  the  swarm  and  Maxwellian  results 
seems  a  little  bit  better  in  helium. 


100  200  300  400  500  600  700  800  900 
Applied  RF  voltage  (V) 

Fieure  2  :  Ratio  of  Swarm  to  Maxwellian  values  for 
electron  density  and  ionization  rate  vs.  RF  voltage 
amplitude  and  for  different  pressures  in  a  13.56  MHz, 
4  cm  gap  length  RF  discharge  in  helium. 


mean  energy,  the  ionization  rate  of  a  Maxwellian  EEDF 
is  much  larger  than  the  ionization  rate  of  a  swarm 
EEDF.  Since  the  ionization  rate  (which  depends  on  the 
tail  of  the  distribution)  has  to  adjust  in  order  to 
compensate  for  ambipolar  losses  to  the  electrodes 
(which  depend  on  the  mean  electron  energy  and  thus  on 
the  bulk  of  the  distribution)  the  mean  energy  for  a 
Maxwellian  distribution  must  be  lower  than  for  a  swarm 
distribution. 
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Applied  RF  voltage  (V) 

Fisure  4 :  Ratio  of  the  swarm  to  Maxwellian  values  of 
the  total  current  and  powers  as  a  function  of  RF 
voltage  amplitude  in  helium,  in  the  conditions  of 

Fig.  1. 

TV  -  Conclusions 
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Figure  3  shows  a  comparison  between  the  calculated 
peak  current  and  power  in  the  same  conditions  as  in  Fig. 
1.  The  calculated  current  and  power  in  the  swarm  and 
Maxwellian  cases  are  in  better  agreement  than  the 
calculated  plasma  densities  displayed  in  Fig,  1. 
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Figure  3  :  Ratio  of  the  swarm  to  Maxwellian  calculated 
current  and  power  in  the  conditions  of  Fig.  1. 

The  results  for  the  current  and  power  in  helium  are 
plotted  in  Fig.  4.  The  Swarm  and  Maxwellian  values  of 
the  current  and  power  are  very  close  together  in  that 
case. 

Other  results  not  presented  here  show  that  for  both 
argon  and  helium,  the  electron  mean  energy  adjusts  to 
lower  values  in  the  case  of  Maxwellian  EVDF,  with 
smaller  differences  between  swarm  and  Maxwellian 
results  for  helium.  This  was  expected  since  for  the  same 


The  results  presented  in  this  paper  can  help 
quantify  the  error  induced  by  the  assumptions  on  the 
shape  of  the  EEDF  which  must  be  done  in  a  fluid  model 
of  a  RF  discharge. 

It  appears  that  although  the  difference  between 
ionization  rates  from  a  swarm  and  a  Maxwellian  EEDF 
for  the  same  mean  electron  energy  can  be  orders  of 
magnitude,  the  discrepancies  induced  by  the  choice  of 
the  shape  of  the  EEDF  in  a  fluid  model  are  much  more 
limited.  This  is  due  to  the  fact  that  the  ionization  rate  in 
the  discharge  must  adjust  in  order  to  compensate  for 
ambipolar  losses  of  charged  particles  to  the  electrodes 
(which  depends  on  mean  electron  energy  and  reactor 
geometry). 
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Introduction 

In  capacitively  coupled  rf  discharges,  it  is  now  widely 
accepted  that  there  are  three  main  heating 
mechanisms.  Transitions  from  one  mechanism  to 
another  are  effected  by  the  external  control  parameters 
such  as  gas  pressure,  rf  voltage,  current  density  and 
the  geometry  of  the  discharge  itself.  These  transitions 
in  heating  modes  are  observed  as  marked  changes  in 
the  discharge  properties  such  as  light  emission 
intensity  and  plasma  parameters.  The  main  motivation 
for  this  experiment  was  to  study  these  heating  modes 
in  the  plasma  and  investigate  if  they  depend  on 
discharge  geometry. 

In  low  pressure  discharges  a  heating  mode  unique  to  rf 
discharges  has  been  reported  [l.][2.].  This  is  in  a  low 
pressure,  collisionless  discharge,  where  electron 
heating  is  due  primarily  to  the  oscillating  sheaths. 
Increasing  the  gas  pressure  effects  a  transition  to  a 
regime  where  the  discharge  is  sustained  by  Joule 
heating  of  the  electrons  in  the  plasma  bulk.  The  third 
heating  mechanism  is  called  the  y  -  mode  regime 
which  is  due  to  secondary  electron  emission  from  the 
powered  electrode. 

Experiments  were  carried  out  at  several  electrode  gaps 
over  a  wide  range  of  input  powers  and  pressures. 
Plasma  parameters  were  measured  using  a  Langmuir 
probe  system.  Corresponding  current  and  voltage 
information  was  stored  and  analysed  for  its  harmonic 
content.  Therefore,  the  properties  and  behaviour  of  the 
plasma  could  be  correlated  with  its  external  control 
parameters.  In  this  way  it  is  hoped  that  methods  of 
proper  optimisation  of  plasma  processes  may  be 
devised. 

Experiment 

Our  experiment  is  an  asymmetrically  powered, 
capacitively  coupled  discharge  with  a  powered 
electrode  20  cm  in  diameter.  The  gap  width  was  varied 
from  3  to  7  cms.  Two  passively  compensated 
Langmuir  probes,  positioned  in  the  discharge 
midplane,  are  used  to  monitor  plasma  parameters.  The 
first  probe  measures  the  I-V  characteristic  from  which 
the  plasma  parameters  are  derived.  The  presence  of  an 
rf  voltage  across  the  probe  sheath  leads  to  a  distortion 


of  the  probe  characteristic.  This  distortion  is  due  to 
shifts  in  the  plasma  potential  which  increase  with  the 
measuring  probe  bias.  The  second  probe  compensates 
for  this  distortion  by  tracking  the  floating  potential 
and  allowing  correction  of  the  measured  parameters. 
This  system  has  been  found  to  be  essential  in 
measurement  of  the  low-energy  electron  component  in 
such  plasmas  [3.].  An  argon  plasma  generated  in  this 
type  of  system  is  non-equilibrium,  the  electrons  and 
ions  deviate  from  a  Maxwellian  distribution. 
Therefore,  accurate  measurement  of  the  electron 
energy  distribution  Junction  is  important  as  there  may 
be  more  than  one  temperature  group  in  the  plasma. 
Monitoring  of  the  primary  control  parameters  was 
performed  using  a  current  and  voltage  monitor, 
connected  to  the  powered  electrode  after  the  matching 
unit.  Voltage  and  current  information  from  this 
monitor  was  captured  using  a  fast  storage  oscilloscope 
and  downloaded  to  a  computer  for  analysis. 

Most  of  the  data  for  this  study  was  taken  at  gas 
pressures  at  or  greater  than  100  mTorr,  though  some 
data  at  lower  pressures  was  also  taken  to  study  the 
collisionless  heating  mode.  Plasma  parameters 
(electron  temperature,  electron  and  ion  density  and 
electron  energy  distribution  functions)  were  measured 
in  argon  at  input  powers  ranging  from  5  to  200  Watts. 

Results 

This  procedure  was  carried  out  on  discharge  gaps  of  3, 
5  and  7  cms.  Current,  voltage  and  power  were 
evaluated  for  several  harmonics  of  the  fundamental 
driving  frequency.  An  obvious  transition  was  noted  on 
increasing  the  gas  pressure.  At  higher  pressures  and 
voltages  another  transition  was  apparent,  the  electron 
temperature  dropping  sharply  while  the  density 
increased  (see  Figure  1.).  This  transition  was 
observed  at  different  input  powers  for  different 
pressures  (see  Figure  2.).  This  is  the  a — y  mode 
transition  in  the  plasma  and  it  is  coupled  with  an 
increase  in  the  light  emission  intensity  and  variation 
in  shape  of  the  plasma  voltage  and  current  waveforms 
[1.]. 
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Figure  1.  Electron  temperature  and  density  versus 
input  power  for  two  electrode  gaps  at  100  mforr.  The 
sharp  drop  In  Te  and  increase  in  Ne  indicates  a 
transition  into  the  y  regime. 
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Figure  2.  Electron  Temperature  Versus  Input 
Power  for  3  cm  electrode  gap  at  100  and  300 
mTorr.  Transition  to  the  y-mode  occurs  at  a  lower 
input  power  at  higher  pressures. 
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Introduction 

In  the  last  decade  semiconductor 
industry  has  required  a  big  technological 
effort  in  order  to  match  increasingly 
demanding  requirements.  Features  below  a 
tenth  of  a  micron,  shapes  suitable  for  the 
optoelectronic  devices  or  micro-size  plasma 
technology  can  only  be  achieved  by 
innovative  plasma  processing  technique.  In 
this  context  the  non  collisional  regime  has 
gained  increasing  importance.  The 
mechanism  described  in  the  present  paper 
may  provide  an  alternative  mode  of 
operation  for  plasma  reactors  operating  at 
low  pressures.  It  is  likely  that  RF  sustained 
double  layers  could  explain  acceleration  of 
charged  particles  in  space  plasmas.  Typically 
double  layers  in  plasma  have  only  been 
observed  in  a  IX!  context,  either  at  electrode 
surfaces  or  between  two  different  plasmas. 

The  enhancement  of  the  EX  floating 
bias  on  electrodes  by  a  superimposed  RF 
current  is  an  effect  much  used  in  plasma 
processing  to  increase  the  energy  of  the 
impinging  ions.  The  non  linear  IV 
characteristic  of  the  plasma  sheath  is  time 
averaged  on  the  RF  variation  and  this 
process  effectively  increases  the  electron 
current  able  to  overcome  the  ‘built  in’ 
negative  voltage  difference.  In  this 
contribution  we  propose  an  analogous 
mechanism  to  explain  the  observed  double 
layers  that  appear  in  RF  plasmas  when  the 
driving  frequency  coincides  with  the  local 
plasma  resonance  on  certain  surfaces  of  a 
non  uniform  plasma. 

The  theory  foresees  a  power 
absorption  on  these  surfaces  associated  wth 
an  effective  resistance'  which  depends  on 
(d(Ope/dx)''.  The  0)^^  profile,  and  the 
corresponding  plasma  density  distribution. 


can  be  modified  in  order  to  change  the 
power  transfer. 


Experiments 

Measurements  were  carried  out  in  a 
parallel  plate  reactor  driven  at  lOOVpp  and 
157MHz.  At  this  frequency  the  reflected 
power  to  the  amplifier,  without  matching 
unit,  was  minimised.  Experiments  were 
carried  out  in  Argon  and  CF4,  the  electrode 
separation  being  3  cm  and  the  gas  pressure 
varying  from  1  to  10'^  Pa.  On  the  grounded 
electrode  a  retarding  field  analyser,  R.  F.  A., 
recorded  the  energy  of  the  impinging  ions.  A 
probe  in  the  plasma  was  connected 
alternatively  to  a  divider  circuit^  for  the 
measurements  of  the  RF  fluctuations, 
analysed  by  a  spectrum  analyser,  and  to  a 
voltmeter,  with  active  RF  compensation  for 
measurements  of  floating  potential. 

With  decreasing  pressure  the 
harmonics  of  the  voltage  fluctuations  in 
plasma  develop  a  resonance  which  shifts 
towards  lower  frequencies.  This  resonance  is 
attributed  to  the  plasma-sheath  resonance. 


Figure  1  Side  view  of  the  CF,  plasma  in  plasma 
resonance.  The  upper  electrode,  grounded  shows  the 
connections  for  the  R.F.  A.,  a  probe  is  inserted  from 
side  and  on  the  lower  electrode,  driven,  a  sample  to 
be  etched  can  be  seen.  The  bright  disk  corresponds  to 
the  white  part  in  the  centre  of  the  discharges.  No 
boundary  sheaths  can  be  seen  here. 
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>^proaching  the  fundamental  frequency,  and 
the  local  plasma  frequency  due  to  non 
uniformity  of  the  plasma  density  the  plasma 
undergoes  a  major  change.  A  bright  disk 
appears  in  the  centre  of  the  discharge 
surrounded  by  a  much  weaker  plasma,  see 
fig.  1. 

Simultaneously  the  ion  energy 
analyser  records  a  shifring  of  the  plasma 
potential  to  higher  and  higher  values,  up  to 
150V,  which  is  associated  with  an  increased 
energy  of  the  ions.  In  coincidence  with  the 
formation  of  the  bright  disk  the  ion  energy 
distribution  splits  in  two  peaks,  see  fig  2. 

Usually  the  deviations  from  the 
typical,  non  collisional  ion  energy 
distribution,  which  are  observed  at  low 
pressure  and  high  driving  frequency,  are 
explained  by  the  residual  capacity  of  the  ions 
to  follow  the  RF  fluctuations  across  the 
sheath  when  is  smaller,  but  still 
comparable,  with  the  involved  frequencies. 
In  our  case  the  ratio  is  well  above  one 
hundred,  so  that  this  explanation  is  not 
applicable.  An  estimate  can  be  obtained 
considering  the  driving  frequency  to  hit  the 
local  plasma  resonance  in  the  middle  point  of 
the  visible  emission  discontinuity.  At  that 
point  the  density  vrill  be  3  lO'^in'^  giving  ^  < 
IMHz.  A  much  higher  density  is  expected 
inside  the  bright  region.  From  the  splitting  of 
the  two  peaks  the  abrupt  change  in  the  space 
potential  on  the  two  sides  of  the  light 
discontinuity  is  about  IOVdc-  The  integral  of 
the  ion  energy  structure  is  more  than  double 
with  respect  to  the  single  peak  case.  This 
integral  represents  the  flux  of  ions  and  is 
proportional  to  the  processing  rate  in 
technological  applications. 

Evidence  of  discontinuities  in  the  DC 
and  RF  voltage  on  the  two  sides  of  the 
discontinuities  by  RF  driven  Langmuir  probe 
will  be  presented.  RF  sustained  double  layers 
are  more  easily  formed  in  electronegative 
gases,  CF4  and  Oxygen  although  in  resonant 
conditions  also  appear  in  Argon  and  Helium. 

Discussion 

The  theory  presented  in  [1]  will  need 


Figure  2  Jon  velocity  distribution  shown  against 
the  collector  voltage  from  the  R.  F  A..  The  ramp 
raises  SOV/div.,  OV  is  two  divisions  below  the 
horizontal  line  (not  shown)  which  cuts  the  noise.  The 
smaller  peak  is  at  150V  and  the  larger  one  at  about 
160  positive  with  respect  to  the  grounded  electrode. 

to  be  modified  to  take  into  account  the  finite 
nature  of  the  discontinuity.  The  suggestion 
made  here  is  that  the  non  linear  behaviour  of 
the  system  leads  to  a  localised  D.  C.  voltage 
drop  in  addition  to  the  localised  A.  C. 
voltage  drop  which  is  predicted  by  the  linear 
theory.  Electrons  travel  across  the 
modulated  double  layer  from  the  high 
potential  to  the  lower  and  vice-versa.  The 
net  result  is  that  energy  is  given  to  the 
electrons,  the  energy  supply  being  that  of  the 
Pointing  Vector.  In  addition  energy  is  given 
to  the  outward-flowing  positive  ions  in  a 
similar  fashion  to  that  obtained  in  a  radio¬ 
frequency  enhanced  sheath  adjacent  to  an 
electrode[3]. 
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Introduction 

RF  discharges  are  now  widly  used  in  many 
technological  applications.  One  of  the 
promising  field  of  use  of  such  discharges  is  the 
treatment  of  corroded  metals  with  hydrogen 
plasma  discharges.  An  ideal  case  of  corroded 
metal  objects  are  those  coming  from 
archeological  excavations.  This  method  is 
succssefully  applied  to  different  metal  objects 
coming  fi-om  the  archeological  field,  /1-3/.  The 
method  consists  on  the  use  of  hydrogen  plasma 
to  remove  first  the  incrustation  covering  the 
metallic  object  by  a  reduction  of  the  oxydes  in 
the  incrustation  layer,  and  then  to  passivate  it 
against  postcorrosion  by  the  removal  of  the 
chlorides  which  act  as  a  catalyser  for  corrosion. 
In  this  work  we  have  treated  artificially 
corroded  copper  samples  in  pure  hydrogen 
plasma  in  order  to  study  mainly  the  chloride 
removal  process  in  copper  by  the  effect  of 
hydrogen  plasma. 

Experimental  setup 


Fig.  1  shows  the  experimental  arrangement. 


The  RF  power  at  a  fi'equency  of  10  MHZ,  is 
coupled  to  two  opposite  staimless  steel  circular 
electrodes  of  9.6  cm  diameter.  The  discharge 
occurs  in  a  symetric  cross  shaped  glass  tube,  of 
10  cm  inner  diameter,  the  interelectrode 
distance  is  adjustable  and  can  go  up  to  50  cm, 
which  is  the  distance  between  two  opposite 
ends  of  the  glass  tube.  The  discharge  can  be 
operated  continuously  with  a  power  up  to  300 
W,  applied  to  one  electrode,  while  the  other 
one  is  connected  to  the  ground. 

Experimental  investigations 

Before  proceeding  on  our  investigation  about 
the  effect  of  the  plasma  on  corroded  copper, 
we  have  measured  the  physical  parameters  of 
the  hydrogen  plasma,  namely  the  electron 
temperature  and  density.  The  electron 
temperature  is  determined  spectroscopically  by 
the  measurement  of  the  ratio  of  the  line  to 
continium  intensities  of  Hp  line.  In  Fig.  2,  the 
electron  temperature  variation  is  plotted  versus 
the  gas  pressure  for  a  RF  power  of  50  W.  It 
appears  that  the  electron  temperature  decreases 
rapidly  with  the  increase  of  the  gas  pressure 
untill  a  value  of  around  2  Torr  and  then  seems 
to  be  maintained  around  a  value  of  2.4  eV. 


Fig.  2  Electron  temperature  variation  with  gas 
pressure  for  RF  power  of  50  W  in  hydrogen. 
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The  electron  density  has  been  measured  in  a 
sintilar  experiment  using  a  microwave 
interferometer,  151,  the  results  show  a  density 
increase  with  gas  pressure  up  to  around  2  Torr, 
at  which  the  density  reachs  a  maximum  and 
then  decreases  with  the  increase  of  the  gas 
pressure.  We  take  the  value  of  2  Torr  as  the 
operating  gas  pressure  in  our  investigations  on 
metal  corrosion. 

A  copper  sample  is  artificially  corroded  and 
then  treated  in  pure  hydrogen  plasma  for  150 
hours,  the  plasma  treated  sample  is  then 
immersed  in  deionised  water  for  one  week  with 
continuous  stirring.  Measuement  of  the 
chlorides  contents  on  the  surface  of  the  plasma 
treated  sample  before  and  after  washing  in 
water  by  energy  dispersion  analysis  of  x  rays 
(ED AX)  shows  a  decrease  in  the  chorides  after 
washing  the  sample,  as  shown  in  Fig.3-  a  and  b. 
This  result  is  coupled  with  the  measurements  of 
the  chlorides  concentrations  in  the  water 
measured  by  an  ion  anlyser  with  a  cf  electrode 
which  shows  an  increase  in  the  concentration 
of  chlorides  in  the  water  by  approximately  a 
factor  2  compared  to  the  concentration 
obtained  by  untreated  sample  in  the  same 
conditions. 


-  a  - 


Fig.  3  -  Spectrum  by  ED  AX  of  the  surface  of 
a  plasma  treated  corroded  copper  sample 
a-  before  washing  b-  after  washing 


CONCLUSION 

Those  measurements  show  that  the  chlorides 
content  in  a  corroded  copper  sample  can  be 
lowered  using  the  hydrogen  plasma  which 
increase  the  porus  nature  of  the  oxyde  layer  as 
a  result  of  the  ion  bombardment,  this  was 
observed  by  scanning  electron  microscopy,  and 
hence  permiting  the  diffusion  of  the  chlorides 
and  their  reduction  fi-om  the  insoluble  to  the 
soluble  phase.  This  enhance  their  elimination 
after  washing  in  deionised  water. 

PLANS 

More  experimental  measurements  should  be 
performed  in  order  to  determine  quantitatively 
the  effectiveness  of  this  method  on  different 
corroded  metals.  Comparisons  of  the  plasma 
effect  in  different  types  of  plasma  discharges  as 
DC  glow  discharge,  and  microwave  discharge 
are  now  in  progress. 


ACKNOWLEDGMENTS 

A  part  of  the  Equipments  used  in  this 
experiment  are  kindly  offered  by  the  Essen 
University,  Germany. 

REFERENCES 

71/  J.  Patscheider,  S.  Veprek,  Studies  in 
Conservation,  31  (1986)  29-37. 

72/  S.  Veprek,  Ch.  Eckmann,  J.  Th.  Elmer, 
Plasma  Chemistry  and  Plasma  processing, 

Vol.  8,  No.  4,  1988. 

737  P.  Amould-Pemot,  C.  Forrieres,  H. 

Michel,  B.  Weber,  Studies  in  Conservation,  39 
(1994)  232-240. 

747  H.R.  Griem,  “  Plasma  spectroscopy”, 
McGraw-Hill  Book  Company,  1964. 

757  M.  El  Shaer,  V.  Scultz-  von  der  Ghaten, 

H.  F.  Dobele,  XXI  International  Conference  on 
Phenomena  in  Ionized  Gases,  Bochum,  1993 


XXm  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


1-120 


Breakdown  in  a  Hydrogen  pulsed  discharge  created  in  a  resonant  cavity. 

A.  Draghici-Lacoste,  L.  Alves*,  C.M.  Ferreira*,  Ph.  Leprince,  G.  Gousset 

Laboratoire  de  Physique  des  Gaz  et  des  Plasmas,  Universite  Paris-Sud,  Bat  212,  91405  Orsay  cedex  FRANCE 
*  Centro  de  Electrodinamica,  Insttituto  Superior  Tecnico,  Av.  Rovisco  Pais,  1,  1096  Lisboa  codex  PORTUGAL 

1.  Introduction. 


The  transient  kinetics  of  H2  discharge  has  been 
investigated  by  the  PICMIC  technique.  It  consists  of 
analyzing  the  motion  of  a  particle  swarm  imder  the 
influence  of  an  accelerating  electric  field,  set  up  in  a 
microwave  cavity,  in  order  to  evaluate  the  statistical 
balance  of  its  behavior. 

The  purpose  of  our  study  is  to  evaluate  the 
breakdown  time  of  the  discharge,  in  order  to  compare  it 
with  that  determined  experimentally. 

2.  Experiment. 

The  H2  discharge  (0.5-40  Torr)  is  created  in  a 
cylindrical  quartz  tube  (di.e  =  16/19  mm)  placed  along 
the  center  axis  of  a  microwave  cavity  (d  =  257. 1  mm). 

The  TEui  excited  cavity  at  frequency  f 
=1.12GHz  (Lres=168.4mm)  is  supplied  by  a  pulsed 
power  (Pi  =1-15  kW)  with  At  =  10  ps  width  pulse  and  a 
=  10'^  duty  ratio. 

The  temporal  distribution  of  the  electric  field 
at  the  critical  coupling  cavity  and  without  plasma, 
working  in  the  transient  regime,  can  be  written  as  : 


E.  W  -  A.  X  X  [1  -  e-"’..  ]  X  (I) 

V  '^cO 

where ; 

-  the  subscript  ‘0’  denotes  that  the  cavity  works  without 
plasma. 

-  Ao  is  the  electric  field  amplitude  at  steady  state, 
normalized  to  IW  for  a  perfect  cavity  characterized  by 

the  padding  time  Its  value  was  found  by 

electromagnetic  analysis,  which  consists  in  solving  the 
Maxwell’s  equations  with  appropriate  boundary 
conditions. 

-  =2.5x  10“®s  is  the  actual  padding  time  for  our 
cavity. 

Figure  1  presents  the  temporal  evolution  of  the 
electric  field  at  the  cavity  walls. 

At  the  beginning  the  field  strength  increases 
according  to  equation  (1).  The  cavity  works  as  if  it  is 
empty  due  to  the  weak  electron  density.  Then, 
breakdown  occurs  and  the  rising  electron  density 
induces  a  change  in  the  cavity  Xc,  and  consequently  in 
the  electromagnetic  field  configuration.  This  leads  to 
the  electric  field  peak  shown  in  the  figure  1. 


Figure  1.  Temporal  evolution  of  the  electric  field  probe 

measurements  at  the  wall  of  the  cavity. 

3.  The  numerical  model. 

The  numerical  simulation  starts  as  soon  as  the 
HF  power  is  supplied  to  the  cavity.  At  this  time  a  seed 
electron,  stochastically  chosen,  and  assumed  to  be 
produced  by  natural  ionization,  is  considered  present  in 
the  discharge  tube. 

Under  these  conditions  it  is"  not  possible  to  use 
a  fluid  numerical  code.  On  the  contrary,  a  kinetic  code 
is  well  adapted  to  describe  the  temporal  evolution  of  a 
system  starting  at  very  low  electronic  density. 

The  primary  electrons  gain  energy  from  the 
external  electric  field  defined  by  equation  (1)  and  lose  it 
by  collisions  with  molecules  in  ground  state  only.  The 
chosen  electron  neutral  collisions  are  rotational, 
vibrational,  electronic  excitation  and  ionization  of  H2 
molecules.  The  electron  kinetics  is  quite  similar  to  the 
one  described  in  [1].  The  related  cross  sections  are 
taken  from  [1]  and  [2]. 

In  order  to  define  the  collision  frequencies,  the 
neutral  density  N  must  be  defined  from  the  working 
pressure  and  the  gas  temperature.  Since  the  time 
duration  mider  study  is  less  than  1  ps,  the  gas 
temperature  is  likely  to  be  constant  (Tg  =  300  K) 
presuming  that  the  gas  has  not  time  to  heat  up, 
whatever  the  pressure  is. 

Due  to  the  very  low  charged  particle  density  at 
the  beginning  of  the  pulse,  the  ions  are  regardless  and 
the  discharge  is  controlled  by  electron  free  fall. 
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4.  Energy  balance  of  the  particles 

The  particle-field  energy  exchange  is 
performed  during  the  free  fli^t  (between  two 
collisions),  the  system  globally  gaining  energy- at  the 
expense  of  the  field  Thus,  the  acquired  global  energy 
(Cacq)  is  obtained  by  a  sum  over  all  electrons. 

The  global  energy  lost  collision  processes 
(ciost)  has  been  calculated  in  the  same  way.  One 
contribution  to  this  term  is  provided  from  the  loss  of 
electrons  by  diffusive  flow  to  the  walls. 


Fig.  2.  Temporal  variation  of  the  acquired  and  lost 
energies. 

According  to  Fig.  2,  where  the  temporal 
energy  evolution  is  shown,  the  system  is  initially 
relaxed  (predominant  energy  loss)  since ,  the  «  hot 
distribution  function  »  is  not  in  equilibrium  with  the 
field.  The  weakness  of  the  field  and  the  small  number 
of  charged  particles  in  the  early  stage  of  the  discharge 
explain  the  predominance  of  the  energ>'  loss  over  the 
energy  gain. 

The  increase  of  the  field  and  of  the  number  of 
collision  events  result  finally  in  the  equality  of  the 
energies  (s^cq  =  eiosO  at  the  instant  which  we  will  define 
as  the  breakdown  time. 

Beyond  this  time  there  is  a  positive  energj' 
balance  followed  by  an  exponential  increase  of  the 
electronic  density  according  to  :  n^  oce''’“*  where  v 
may  be  considered  as  the  net  ionization  rate  (for 
instance  v  =  2.7  x  10*  s“'  at  p  =1  Tort). 

5.  Results  and  discussion. 

The  comparison  between  the  predicted  and  the 
experimental  breakdown  times  has  been  performed  for 
different  pressures  (0.5-10  Torr)  and  incident  powers 
(Pi  =  5.5kW  and  lOkW).  They  are  in  good  agreement, 
as  shown  in  figure  3. 


Fig.  3.  Breakdown  time  values  versus  the  gas  pressures 
for  two  input  powers  Pi  =  5.5kW  and  10  kW. 

The  mmierical  effective  field  at  breakdown 
also  agrees  well  with  the  experimental  one,  according 
to  figure  4. 
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Fig.  4.  Breakdown  field  values  versus  the  gas  pressures 
for  two  input  powers  P,  =  5.5kW  and  10  kW. 


It  seems  that  the  breakdown  fields  do  not 
depend  on  input  power  which  can  be  explained  by  the 
long  padding  time  of  the  cavity  relative  to  the 
characteristic  breakdown  times . 


The  sharp  increase  in  the  electron  density  after 
breakdown,  makes  that  one  has  to  consider  the 
ambipolar  diffusion  regime  in  place  of  the  free  fall  one 
and  the  ion  kinetics.  The  work  taking  into  account  the 
plasma  effect  on  the  HF  electric  field  is  in  progress. 


[1]  Loureiro  J.,  J.  Phys  D  :  Appl.  Phys.  22  (1989)  1680. 

[2]  Tawara  H.,  Itikava  Y.,  Nishimura  H.  and  Yoshino 
M.,  J.  Pys.  Chem.  Ref.  Data,  19  (1990)  617. 
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1.  Introduction 

Surface  wave  (SW)  discharges  link  in  a  self-consistent 
way  the  wave  electrodynamic  characteristics  and  the 
behaviour  of  the  plasma  parameters.  The  wave  field 
heats  the  electrons  which  ionfre  the  gas  ensuring  in 
this  way  a  continued  wave  propagation.  Thus,  the 
generated  plasma  column  acts  as  a  self-supporting 
waveguide  [1].  The  correlation  between  the  different 
plasma  balances  and  the  wave  propagation  is  a  basic 
principle.  For  this  reason,  the  present  report  is 
concerned  with  an  experimental,  space-resolved 
investigation  of  the  electron  energy  distribution 
function  (EEDF)  and  associated  integral  quantities 
together  with  the  propagation  characteristics  of  the 
surface  wave.  The  aim  is  to  show  the  essential 
correlation,  for  the  SW  discharge  physics,  between  the 
EEDF  behaviour  and  the  electromagnetic  wave 
characteristics. 

2.  Experimental  procedures  and  results 

The  experiments  have  been  performed  in  a  stationary 
HF  discharge  sustained  by  an  azimuthally  symmetric 
SW  of  frequency  0)/27i  =  500  MHz.  The  plasma  column 
is  created  in  nitrogen  at  a  pressure  p  =  0.5  Torr  in  a 
Pyrex  glass  tube  with  an  inner  diameter  2R  =  4.5  cm. 
Axially  resolved  EEDF  measurements  are  performed  by 
means  of  a  computer  controlled  data  acquisition  system 
and  numerical  differentiation  of  the  probe 
characteristics  [2].  The  ion  saturation  current  at  high 
negative  voltages  has  been  used  to  obtain  the  electron 
density.  A  radiophysics  diagnostic  method  has  been 
applied  to  obtain  the  SW  propagation  characteristics  - 
phase  and  attenuation  diagrams  -  (phase  sensitive 
measurements  along  the  wave  path  by  a  vector 
voltmeter). 

The  axial  dependence  of  the  measured  EEDFs 
is  depicted  in  figure  1.  The  measurements  are 
performed  at  different  axial  positions  (Az)  from  the  end 
of  the  discharge  at  a  fixed  radial  position  r/R  =  0.  The 
scattered  values  at  low  and  high  energies  indicate  the 
limits  of  accuracy  of  the  technique  used,  which  is  seen 
from  fig.  1  to  provide  a  dynamic  range  of  nearly  three 
orders  of  magnitude.  Due  to  the  well-known  increase 
in  the  SW  electric  field  intensity  near  the  column  end,  a 
significant  enhancement  of  the  EEDF  tail  is  observed 


in  this  region,  which  yields  higher  energy  averaged 
collision  frequencies. 

It  is  found  that  the  electron  density  is  a  linear 
function  of  the  axial  co-ordinate  with  an  axial  gradient 
dng/dz  =  2.12  x  10^  cm"^.  Electron  densities  lower 
tlm  the  so  called  cut-off  density  [1]  are  obtained.  The 
cut-  off  density  is  reached  at  alx)ut  5  -  7  cm  from  the 
end  of  the  plasma  column  (L  =  23  cm  under  the 
conditions  considered). 

Figures  2,  3  show  the  phase  (ffl/copi  vs.  pR) 
and  the  attenuation  diagrammes  (co/ropj  vs.  c&).  In  our 
experiment,  the  phase  diagram  is  measmred,  i.e.,  m 
remains  constant  and  both  p  (axial  wave  munber)  and 
(Opj  (electron  plasma  frequency)  vary  along  the  plasma 
column.  The  influence  of  collisions  on  the  phase 
diagram  is  clearly  observed  [3].  The  obtained 
experimental  results  follow  the  trends  of  the  theoretical 
phase  diagramme  obtained  for  the  coUisional  case, 
assuming  a  constant  v/©  =  0.5  (where  v  is  the  electron 
neutral  elastic  collision  frequency  obtained  by 
integration  over  the  measured  EEDFs  [4]  ).  Note 
however  that  this  ratio  shghtly  increases  towards  the 
coliunn  end  due  to  the  EEDF  changes  above  described. 
It  should  be  noted  that  the  values  of  pR  go  through  a 
maximmn  at  ©/©pj  w  0.5  and  tend  to  decrease 
afterwards.  This  “turning  back"  of  p  on  the  phase 
diagramme  is  a  characteristic  of  SW  propagation  in  a 
lossy  medium.  As  it  is  seen,  the  axial  damping 
coefficient  a  increases  continuously  with  increasing  ©/ 
©pi  ratio.  At  about  Az  =  5  cm  from  the  end  of  the 
colmnn,  the  experimentally  obtained  a  values  reach  the 
axial  wave  number  ones. 

The  observation  that  a  reaches  the  value  of  p 
at  Az  =  5  -  6  cm  and  the  “turning  back"  appearing  on 
the  phase  diagram  are  related  to  the  fact  that  electron 
densities  lower  than  n^y^  Qg-  are  obtained  at  a  distance 
of  about  Az  =  5  -  7  cm.  In  conclusion,  collisions 
influence  (in  spite  of  the  present  low  pressure 
conditions)  the  wave  propagation  characteristics  and 
are  responsible  for  the  turning  back  of  the  axial  wave 
number  in  the  phase  diagramme. 

For  a  reliable  description  of  the  SW  discharge 
physics,  the  investigation  of  the  discharge 
electrodynamics  should  be  coupled  to  a  self-consistent 
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treatment  of  the  plasma  kinetics  as  the  results 
demonstrate. 
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1.  Introduction 

The  low  pressure  hydrogen  plasma  created  by  a 
microwave  discharge  is  widely  used  for  dijfferent 
applications.  The  microwave  power  is  efficiently 
absorbed  and  leads  to  strong  heating  of  the  gas 
and  the  discharge  tube  walls.  Different  theoreti¬ 
cal  models  implemented  in  the  past  to  describe  H2 
microwave  discharges,  do  not  take  into  considera¬ 
tion  self-consistently  this  heating.  The  aim  of  our 
report  is  to  present  a  self-consistent  model  taking 
into  account  these  effects,  which  is  able  to  calculate 
different  plasma  properties. 

2.  Description  of  the  Model 

The  input  parameters  of  the  model  are:  angu¬ 
lar  frequency  w  of  microwave  generator;  power  P 
(watt)  absorbed  into  discharge;  radius  R  (cm)  of 
discharge  tube  and  length  L  (cm)  of  discharge; 
pressure  p  (torr);  gas  flow  rate  Q  (scemj;  and  ini¬ 
tial  gas  temperature  To  (at  the  gas  inlet  into  dis¬ 
charge  zone).  The  density  of  absorbed  microwave 
power  along  and  across  tube  is  assumed  homoge¬ 
neous.  It  is  also  assumed  that  w  ^  i/j,  where  is 
the  frequency  for  energy  relaxation  of  plasma  elec¬ 
trons.  This  condition  permits  us  to  use  the  sta^ 
tionary  Boltzmann  equation  for  free  plasma  elec¬ 
trons.  The  model  enables  to  caJculate  the  following 
plasma  properties:  concentrations  of  molecules 
and  H  atoms,  if+,  R'+,  if+,  H'  ions,  populations 
of  £1(2),  £f(3),  vibrational  levels  of  fr'2(A^E+)  and 
effective  high  Rydberg  state  density  A*  of 

free  electrons,  their  average  kinetic  and  character¬ 
istic  energies;  electron  drift  velocity;  electric  field 
E;  average  (across  the  tube)  gas  temperature  T 
and  wall  temperature  . 

For  determination  of  the  above  mentioned 
plasma  characteristics  a  coupled  system  of  equa¬ 
tions  has  been  investigated  for  the  kinetics  of 
free  electrons  (stationary  Boltzmann  equation), 
vibrational  kinetics  of  H2  molecules,  kinetics  of 
H2  Rydberg  electronic  state,  chemical  kinetics  of 
heavy  neutrals  and  charged  particles  (master  equa¬ 
tions  for  population  densities),  gas  energy  bal¬ 
ance  (equation  for  gas  temperature)  and  reduced 


maintenance  electric  field  (equation  relating  the 
absorbed  electric  power  to  the  effective  electric 
field).  The  polyquantym  vibration-translation  en¬ 
ergy  exchanges  H2{v)  +  H  ^  +  R'> 

Av  >  1  have  been  taken  into  account  for  investi¬ 
gation  of  vibrational  kinetics  and  gas  heating.  A 
semi-empirical  formula  has  been  obtained  and  used 
for  calculation  of  wall  temperature  Tu,  when  forced 
outside  cooling  of  discharge  tube  is  absent,  taking 
into  consideration  convective  and  radiative  coohng 
of  tube  walls.  This  model  extends  to  microwave 
discharge  our  model  describing  flowing  N2  —  H2 
low  pressure  DC  discharges  [1]. 

3.  Typical  Results 


The  behavior  of  different  plasma  characteristics 
(electric  field;  electron  average  and  characteristic 
energies;  gas,  wall  and  vibrational  temperatures; 
densities  of  particles  and  populations  of  excited 
states)  has  been  investigated  for  different  values 
of  input  parameters.  As  an  example,  the  results 
of  preliminary  calculations  for  dependencies  of  H 
atom  densities,  H~  ion  densities,  gas  temperature 
Tg  and  vibrational  temperature  Tv  on  gas  pressure 
are  given  on  Figs.  1-4,  respectively,  for  different 
discharge  powers  (indicated  on  the  curves)  in  pyrex 
glass  tube.  The  calculations  were  carried  out  for  w 
=  2.45  GHz;  R  =  1.3  cm;  L  =  15  cm;  Q  =  200  seem; 
To  =  300  K.  It  can  be  seen  that  maximal  H  atom 
density  is  reached  for  some  gas  pressure  p  <  1  torr. 
The  increase  in  H  density  with  absorbed  power  is 
monotonous  but  smooth.  The  maximal  H~  ion 
density  is  reached  for  low  pressure  and  large  dis¬ 
charge  power.  The  gas  temperature  monotonously 
increases  with  pressure  and  absorbed  power.  The 
vibrational  temperature  changes  little  with  pres¬ 
sure  and  power  and  has  values  in  the  range  1800 
-  2800  K.  It  is  interesting  that  it  decreases  with 
growth  of  discharge  power  in  spite  of  the  increased 
pumping  of  vibration  levels  in  this  case.  This  is 
explained  by  the  increase  in  the  rate  for  vibration- 
translation  relaxation  through  the  increase  of  gas 
temperature  and  H  atom  density. 
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It  is  necessary  to  note  that  the  length  L  of  a  real 
microwave  discharge  is  determined  by  the  propaga¬ 
tion  and  attenuation  of  the  microwave -electromag¬ 
netic  field  so  it  usually  depends  on  absorbed  power 
P,  gas  pressure  p,  radius  R  and  material  of  dis¬ 
charge  tube.  Therefore  the  electrodynamics  must 
be  taJren  into  account  in  the  model  for  the  choice 
of  optimal  working  conditions.  We  plan  to  make 
thi.<!  in  the  future. 

Acknowledgments.  Work  supported  by  a 
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1  The  model 

We  examine  capacitively  coupled  radio  frequency 
(CCRF)  discharges  in  systems  with  electrode  spacing 
of  some  mm's,  frequencies  from  10  to  100  MHz  at 
pressures  of  some  kPa. 

1.1  The  equations 

For  the  electrons  and  ions  the  continuity  equation  in 
the  Lagrange  and  partial  form  is  used  (both  are 
necesarily  to  use) 

dn,  dn,  dn,  dv,  ,  \ 

dt  ot  ox  ox 

with  Til  =  and  Mfl  the  particle  densities,  Vi  —  ,  the 

drift  velocities,  X,  the  ionisation  rate  coefficient  and 
Xr  the  dissociative  recombination  coefficient.  They  are 
functions  of  E/ng.  The  electron  velocity  is  given  by 
drift  oscillation.  For  the  ion  velocity  we  solve  the 
momentum  balance  omitting  diffusion.  [  1  ] 

v^  =  -b^(E/nQ)E 

dv-  dv-  dv-  e  / ,  /  ,  \  \  ■  (2) 

dt  dt  dx  biTTii 

We  get  the  electrical  field  integrating  the  one  dimen¬ 
sional  Poisson  equation 

dn 

—  =  p  =  e(n,-  -nj,  \-Edx  =  Ug{t)  (3) 

-d/i 

To  estimate  the  gas  temperatur  9  and  no  respectively 
we  solve  the  stationary  heat  transfer  equation 

jAx,t)E(x,t))dt  =  ?^(9)— 1  with 


1  =  e{ni{x,t)  vi{x,t)-n^{x,t)v^{x,t)) 

X  ist  the  temperature  dependent  heat  conductivity. 

1.2  Discretisation,  boundary  and  wall  conditions. 

Eq.  (3)  and  (4)  are  easy  to  solve.  They  are  real  bound¬ 
ary  value  problems.  Eq  (1)  and  (2)  are  not  of  this  type. 
As  the  result  of  the  calculation  we  have  to  get  n^  j  and 
,  -  not  only  in  the  volume,  but  also  at  the  electrodes. 
Fig.  1  shows  the  discretisation  process.  The  bold,  ben- 
det  line  is  a  front  of  charges  (electrons  or  ions).  Left 
the  densitiy  of  this  species  is  zero  and  at  right  greater 
than  zero.  The  boundary  on  the  left  represents  the 
electrode.  The  time  axis  extends  from  top  to  bottom. 
At  the  top  of  Fig.  1  the  velocity  of  the  species  points  to 
the  electrode  at  x  =  -  d/2.  The  density  and  the  velocity 
of  each  volume  F  is  described  by  the  total  differentials 
from  eq.  (1)  and  (2).  The  position  from  each  element 


-  including  the  front 
F  of  the  species  -  is 
given  by 


k  is  the  number  of  '  1  i — i  i — i  . 

the  discretisation  vol-  "  I  I — I  ' — '  ' 

ume.  This  equation 

permits  to  estimate  i-fyl  '  I _ I 

the  time,  at  which  /  I — I  ^ 

the  front  5',  touches  l  J  ^  ^ ^  ^ 

the  electrode.  The  ^  ^ _ 

density  of  the  species 

increases  in  Uiis  mo-  ^'8*  1*  Discretisation 

ment  at  the  electrode  - 

in  a  jump  from  zero  to  ,  and  we  get  a  current 
je,i  =  tied  electrode.  To  continue  our  calcu¬ 

lation  we  use  the  partial  form  of  eq.  (1)  and  (2)  for  the 
interval  and  for  the  fixed  point  x  =  -  d/2.  This  is 
not  difficult  since  we  have  to  make  all  derivatives  to 
the  right  side.  It  is  >  0  after  the  time  t„„.  We 
create  for  =  0  a  volume  So  for  calculations  with  the 
total  differentials  and  initialize  it  with  x  =  -  d/2, 
V  =  0  and  n  =  rip,  with  rip  as  the  result  from  the  calcu¬ 
lation  with  partial  derivatives. 

If  the  current  into  the  electrode  is  an  ion  current  then 
we  get  y-electrons  from  the  relation  =  yMi]-  That 
gives  the  boundary  value  for  the  y-electron  densitiy  on 
the  cathodic  electrode 


Results 


2.1  Results  especially  for  CO2  -  slab  -  lasers 

First  we  remember  a  result  published  previously  [2]. 
Next  we  discuss  some  aspects  concerning  a  COa-slab- 
laser.  We  neglect  y-processes  for  this  studies. 

From  eq.  (1)  using  (2)  and  (3)  follows 

dn„  dE  p 

—  «  6^  n —+...=  (7) 

dt’  dx  6q 

Eq.  (7)  means,  that  the  density  of  electrons  decreases 
for  p  <  0  and  increases  for  p  >  0.  Fig.  2  is  showing 
that.  The  density  in  the  front  of  the  electron  layer 
exceeds  and  at  the  rear  falls  below  the  ion  density. 
From  this  follows  that  the  electrons  of  the  boundary 
layer  see  a  higher  electric  field  than  the  electrons  of 
the  bulk  plasma.  The  conclusion  is  that  all  processes 
with  a  strongly  dependence  on  the  reduced  field  for 
example  the  production  of  charged  particles  are 
located  in  the  boundary  layer.  On  the  other  side  the 
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Fig.  2:  Structure  of  a  CCRF-discharge  at  27  MHz, 

Ueff  =  400V,  p  =  4  kPa,  COaiNziHe  =  1:3:18 

ions  in  the  boundary  layer  are  under  the  influence  of  a 
very  strong  field  during  a  long  part  of  the  period.  The 
ion  velocity  is  small  in  comparison  with  the  electron 
velocity.  But  the  power  j^E,  which  the  ions  extract 
from  the  electrical  field  can  not  be  neglected.  Fig.  3 
shows  this  for  two  frequencies  and  some  voltages:  In 
the  upper  part  the  power  absorption  of  the  electrons,  in 
the  lower  part  that  of  the  ions.  This  fact  has  to  be 
taken  in  consideration  for  CCRF  discharge  systems. 

2.2  Results  including  y  -  processes 

We  include  now  y-processes  with  y=10'^  in  our  calcu¬ 
lations.  The  discharge  skip  from  a-  to  y-mode  if  the 
voltage  is  high  enough  and  the  y-mode  is  possible. 
Secondary  electrons  produced  by  ions  at  the  electrode 
form  an  avalanche  which  is  directed  to  the  volume 
electrons.  If  the  density  in  the  electron  avalanche  drif¬ 
ting  through  the  boundary  layer  reaches  the  density  of 
the  volume  electrons  then  the  discharge  is  changing  to 
the  y-mode.  Fig.  4  shows  the  structure  of  such  a  dis- 
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Fig.  3:  Power  absorption  of  electrons  and  ions.  Para¬ 
meters  are  the  voltage  and  in  parantheses  the 
temperature  in  K  on  x  =  0.  All  other  are  the  same  as 
Fig.  2. 


charge  performing  stationary  oscillations.  In  front  of 
the  electrods  a  space  charge  structure  builds  up  being 
similar  to  a  eathode  fall  region  of  a  dc-discharge.  It  is 
important  to  mention  that  by  the  transition  to  the 
y-mode  the  calculated  voltage-current  density  charac¬ 
teristic  does  not  fall.  This  demonstrate  that  the 
transition  of  a  CCRF-discharge  into  the  high  current 
mode  is  not  caused  by  y-processes  at  the  electrodes. 

Fig.  5  shows  that  with  an  increase  of  the  voltage  the 
thickness  of  the  boundary  layer  reaches  a  limit  which 
is  independent  of  the  ffequeney.  The  simplest 
expressions  of  the  ionisation  rate  coefficient  and  the 
electron  drift  velocity  for  high  fields  are 

We  can  see  that  the  ionisation  rate  a  efficient  saturates 
while  the  drift  velocity  is  increase  monotonously  inde¬ 
finitely  at  high  field.  This  is  the  reason  for  the  limita¬ 
tion  of  the  boundary  layer  thickness  at  high  voltages. 
Comparing  Fig.2  with  Fig.  5  we  ean  see  that  the 
boundary  layer  in  the  a-mode  at  27  MHz  is  much 
smaller  than  the  layer  in  the  y-mode  at  8  and  13  MHz. 
This  means  that  at  high  frequeney  y-processes  alone 
are  not  enabled  to  initiate  the  transition  into  the  y- 
mode  of  the  discharge. 
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1.  Introduction 


3.  Results 


A  combination  of  rf  plasma  jet  burning  at  at¬ 
mospheric  pressure  and  liquid  represents  a  system 
where  are  in  contact  all  known  state  of  matter  -  liq¬ 
uid,  solid  material  (nozzle  and  other  material),  gas 
(carrier  gas  in  the  plasma  jet)  and  ionized  gas  (the 
plasma).  In  the  paper,  we  present  our  first  experi¬ 
ence  with  such  system  (in  our  case  a  pure  water  liq¬ 
uid)  where  a  number  of  interesting  phenomena  can 
be  found.  It  also  evokes  possible  applications  like  are 
a  new  approach  to  the  restoration  of  archeological 
artifacts,  [1,  2],  new  therapy  in  medicine,  new  pro¬ 
cedures  in  chemistry  and  in  treatment  of  surfaces, 
etc. 

2.  Experiment 

A  schematic  drawing  of  our  plasma  jet  system  driven 
at  13.56  MHz  is  given  in  Fig.l.  As  a  working  gas 
we  used  argon  for  two  flow  rates  (1.5  1/min  and 
15  1/min)  and  two  output  power  (150  and  200  W), 
respectively.  Here,  the  plasma  jet  worked  in  the  sub¬ 
sonic  regime  but  a  supersonic  version  is  prepared. 


RF.Ugn 
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Figure  1:  A  schematic  drawing  of  the  RF  dis¬ 
charge  (length  -  5  cm,  inner  diameter  -0.6  mm, 
outer  diameter  -  1.5  mm). 

Spectra  were  recorded  in  the  spectral  range  of  280  - 
950  nm  using  the  HR  640  monochromator  and  the 
Spectrum  One  CCD,  air  cooled  (1024x128  pixels)  by 
Jobin  Yvon. 


The  discharge  was  driven  in  flowing  regime  and  vi¬ 
sually  we  observe  no  difference  between  burning  in 
open  air  and  in  pure  water  liquid.  But  in  spectra 
recorded  in  water  we  found  significant  decrease  of 
N2  and  an  increase  of  OH  lines.  A  typical  spectra 
are  demonstrated  in  Fig. 2,  3. 


Figure  2:  Typical  spectra  of  the  discharge  burn¬ 
ing  at  atmospheric  pressure  in  water  solution  and 
in  open  air.  The  OH  band  (0,0)  with  rotational 
structure  is  observed  in  second  order. 


Figure  3:  Typical  spectra  of  the  discharge  burn¬ 
ing  at  atmospheric  pressure  in  water  solution  and 
in  open  air. 

The  plasma  channel  in  air  (for  higher  power  and 
flow  rate)  was  1  cm  long,  very  narrow  (diameter  - 
1  mm^)  and  sharply  space  limited.  The  diameter  of 
the  discharge  in  water  was  practically  the  sane  but 
at  low  flow  rate  and  output  power  the  length  was 
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Figure  4:  Vibrational  and  rotational  temperature 
for  the  discharge  burning  in  open  air  near  the 
water  level  as  a  function  of  distance  from  the  end 
of  the  nozzle. 

about  1.5  cm. 

In  the  spectra,  there  are  identified  important 
bands  and  lines  as  follows: 

•  nitrogen  vibrational  band  for  vibrational  num¬ 
bers  (0,3),  (0,2),  (0,1),  (0,0)  -  with  observable 
rotational  structure,  (1,0) 

•  vibrational  OH  bands  (0,0)  with  resolved  rota¬ 
tional  structure,  bands  are  observed  both  in  first 
and  second  order 

•  hydrogen  lines  -  they  are  very  dominant  in  the 
water  liquid;  H^,  can  be  used  for  diagnostic 
purposes 

•  argon  lines  -  argon  is  the  carrier  gas  and  for  this 
reason  the  atomic  lines  are  observed  in  all  cases 

Vibrational  temperatures  were  determined  from 
the  N2  second  positive  system  C^HmU-B^H^  using 
bands  (0,3),  (0,2).  Rotational  temperature  esti¬ 
mated  from  the  rotational  lines  of  OH  approximates 
temperature  of  neutral  gcis.  From  argon  atomic  lines 
we  estimated  excitation  temperature.  A  comparison 
of  the  discharge  with  other  ones  investigated  previ¬ 
ously  is  done  in  Tab.l  (the  data  are  from  [3]). 


N2  [K] 

OH  [K] 

P  [Pa] 

RFPJ 

4000  -  7000 

500  -  650 

100  -  2000 

HCD 

3500  -  4000 

about  400 

50  -  800 

RFPJ* 

1700  -  2200 

400  -800 

10^ 

Table  1:  RFPJ  -  rf  plasma  jet  burning  at  reduced 
pressure,  HCD  -  hollow  cathode  discharge,  RFPJ*  - 
rf  plasma  jet  at  atmospheric  pressure 


In  Tab.l,  there  is  also  given  results  obtained  from 
similar  measurements  realized  in  the  system  with 
hollow  cathode  running  under  the  same  conditions. 
Namely,  there  are  physical  reasons  that  in  the  hol¬ 
low  cathode  discharge  occur  similar  processes  like  in 
the  pleisma  jet  but  in  comparison  with  it  the  theory 
of  the  HCD  is  developed. 


4.  Conclusion 

We  present  first  results  of  so  called  ’’plasma  pen¬ 
cil”  which  draws  attention  not  only  for  unexpected 
phenomena  appearing  there  but  especially  for  hope¬ 
ful  technological  and  medical  applications.  Namely, 
we  investigated  interaction  with  liquid  water  (sim¬ 
ple  system)  but  it  is  evident  that  the  experiment 
allows  to  modify  many  parameters  like  are  working 
gas,  electrical  parameters,  dimensions  of  the  nozzle 
and  composition  of  the  solution.  Particularly,  the 
last  parameter  can  bring  new  surprises. 

The  optical  diagnostics  will  be  supplemented  by 
chemical  analysis  of  the  solution  [4]. 
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1.  Introduction 


The  low  pressure  RF  plasma-chemical  reactor  with  the 
multi-hollow  cathode  system  is  described  in  the  papers 
[1]  and  [2].  We  study  a  gas  flow  in  the  two  nozzle 
system  and  we  present  the  phenomenon  of  the  substrate 
"paint". 

2.  Schlieren  methods 


The  refractional  methods  of  visualisation  of 
inhomogenities  in  gas  use  the  dependence  of  refractive 
index  n  on  density  p  or  pressure  p  and  temperature  T : 


Po 


--1 


p-r.l±  p. 

Po  Po  T 

Gases  with  significant  pressure  inhomogenities  are 
especially  suited  to  the  well-known  schlieren, 
interferometry  or  shadow  schlieren  methods.  We  have 
used  the  schlieren  methods  to  the  visualise  of  the 
interaction  of  gas  flows  from  two  nozzles. 

Our  experimental  setup  is  described  in  paper  [3].  This 
setup  comprises  a  reactor  chamber  with  a  compressor,  a 
vacuum  piunp  and  schlieren  equipment  Carl  Zeiss.  The 
images  were  taken  by  CCD  camera  and  the  procedure  of 
DIPS  was  used. 


nun.  The  substrate  was  placed  in  the  angle  45°  to  both 
nozzles. 

The  figures  1-4  show  a  typical  picture  of  schlieren 
image  (and  its  equidensities)  of  supersonic  flow  from 
the  nozzles,  and  the  secondary  flow.  Pressure  of  gas  in 
boths  nozzis  (p;  and  p^),  pressure  in  recipient  (p  )  and 
position  of  substrate  and  nozzles  are  drawn  in  these 
figures.  This  flow  is  created  due  to  the  interaction  of 
particles  from  both  primary  channels.  It  has  been  found 
out  experimentally  that  the  direction  of  the  secondary 
gas  channel  depends  on  the  pressure  of  working  gases 
flows  in  the  primary  gas  channels.  It  has  been  found  out 
that  it  is  possible  to  deviate  the  secondary  gas  (or 
plasma)  channel  by  increasing  of  the  gas  flows  in  the 
nozzles  (the  phenomenon  of  "paint"). 

The  deviation  of  the  secondary  plasma  channel  allowed 
to  deposit  a  thin  film  on  a  particular  part  of  substrate. 
For  this  reason  by  means  of  the  multi  hoUowcathode 
system  it  is  possible  to  deposit  the  composite  thin  films 
and  multilayer  structures  onto  internal  walls  of  cavities, 
tubes  and  on  components  with  comphcated  shapes. 
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3.  Results 

We  have  studied  characteristics  of  the  reactor  with  two 
hollow  cathodes  which  were  connected  to  the  different 
RF  generators.  The  working  gas  flow  through  both 
nozzles  was  supersonic.  We  could  have  changed 
electrical  parameters  of  both  generators,  geometry  and 
material  of  both  nozzles  and  of  substrate,  and  pressure 
of  gas  in  both  nozzles  (p j  and  P2)  and  in  the  reactor 
chamber  (p  ).  We  changed  only  pressure  because  we 
study  the  neutral  gas  flow  in  these  experiments.  The  two 
nozzles  in  our  experiments  were  placed  in  the  reactor 
chamber  perpendicularly  to  each  other.  The  external 
diameters  of  both  nozzles  were  6  mm  and  the  internal  3 
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1.  Introduction 

Plasma  processing  has  been  an  impetus  for  the  veiy 
rapid  growth  of  electronic  industry,  in  recent  years.  The 
Capacitively  Coupled  Plasma  Reactor  is  one  of  the 
most  utilised  tools  for  the  develt^ment  and  study  of 
plasma  etching  and  deposition.  In  this  contribution  the 
aim  is  to  characterise  the  plasma  used  in  a  variety  of 
industrial  processes  using  different  diagnostics  i.e. 
Langmuir  probes.  Optical  Emission  Spectrometer 
coupled  to  a  CCD  detector  and  a  Retarding  Field 
Analyser.  In  our  experimental  work  marty  different 
gases  have  been  used  as:  Ar,  He  and  CF4. 


2.  Experiment 


The  capacitively  coupled  plasma  reactor  is 
presented  in  figure  1. 


Fig.l  Experimental  apparatus:  (1)  rf  amplifier,  (2) 
blocking  capacitor,  (3)  rf  voltage  probe,  Tektronix 
P013A,  (4)  ac  current  probe,  Tektronix  P6022,  (5) 
bridge  for  the  rf  guard,  (6)  rf  guard,  (7)  grounded 
shield,  (8)  grounded  flanges,  (9)  rounded  grid  to 
diffusion  pump,  (10)  Teflon  insulation,  (11)  ceramic 
insulation,  12)driven  electrode,  (13)  grounded 
electrode,  (14)  glass  vessel,  (15)drivenAroltage  probe  [If. 


In  the  present  paper  the  experimental  work  for  the 
Ar  case  is  present^  when  the  excitation  to  the  driven 
electrode  is  300Vpp  at  a  driving  fiequency  of  13.56MHz 
with  pressure  varying  between  0.8  to  20  Pa  and  an 
interelectrode  distance  of  80mm. 

It  is  well  known  that  when  the  plasma  is  in  contact 
with  a  surface  such  as  an  electrode  a  positive  sheath  is 
formed  to  restrict  the  electron  flux  out  of  the  plasma. 
As  there  is  less  collisional  excitation  of  the  gas  neutrals 
in  the  sheath,  this  is  less  bright  than  the  plasma.  In  our 
experimental  arrangement  the  driven  electrode  has  an 
area  smaller  than  the  combined  earthed  electrode  and 
walls.  A  larger  sheath  with  more  RF  volts,  and  as  a 
consequence  more  DC  volts,  builds  up  at  the  driven 
electrode.  A  Langmuir  probe  provides  information  on 
the  local  electron  density  n„  the  electron  temperature 
T„  the  ion  density  n„  the  plasma  potential  Vp,  the 
floating  potential  V)  and,  for  isotropic  plasma,  the 
Electron  Energy  Distribution  Function  (EEDF).  The 
spectrometer  is  used  to  monitor  the  line  intensity  of 
selected  atomic  transitions. 

A  spatial  scan  of  the  sheath  and  plasma  regions  has 
been  performed  with  Langmuir  prob^  and  a  fibre  optic 
probe  connected  to  the  spectrometer  /CCD.  While  the 
space  resolution  of  the  probe  is  about  1mm,  the 
entrance  angle  of  the  optical  fibre  is  23°  giving  an  error 
of  5mm  on  the  optical  emission.  At  pressures  lower 
than  IPa  the  plasma  sheaths  expand  up  to  half  the 
interelectrode  separation.  It  should  be  noted  that  no 
information  on  the  electron  density  can  be  obtained 
fi-om  the  sheath  regions  with  these  diagnostics.  At  these 
low  pressures  the  plasma  between  the  sheaths  is 
uniformly  bright  and  of  uniform  electron  density.  As 
the  pressure  is  increased  the  sheaths  shrink  in  size  and 
a  less  bright  region  develops  in  the  middle  of  the 
plasma.  This  reduction  in  light  emission  is  not  followed 
by  a  reduction  in  electron  density.  At  pressures  in  the 
range  above  lOPa  the  sheaths  are  <3mm  in  size  and  the 
bright  region  is  confined  very  near  to  the  sheath  edges. 
Figs  2,3  and  4  show  the  profiles  of  the  intensity  of  the 
atomic  line  415.86nm  (excitation  energy  14.53eV),  the 
electron  density  profiles  and  the  electron  temperature 
profiles. 
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Tb«  VM)te  Intamity  Pranie  or  ttw  Ar  Spectium 


Fig.2  The  intensity  profile  of  the  atomic  Ar  line 
415.86nm  at  different  pressures. 


The  DantHy  Profile  of  Ar  Plaima 


Fig.3  The  density  profile  of  the  Ar  plasma  at  different 
pressures. 


The  Terrpentue  VarUian  oT  the  Ar  Ptasme 


Fig.4  The  electron  temperature  profiles  of  the  Ar 
plasma  at  different  pressures. 


It  is  clear  from  Figs.2,  3  that  as  the  pressure 
increases  a  peak  in  the  line  intensity  profile  and 
electron  density  profile  develops  near  the  driven 
electrode. 


3.  Discussion 

It  is  intended  to  extend  these  observations  to  obtain 
information  on  various  heating  mechanisms  that 
sustain  the  plasma  discharge  such  as  plasma  sheath 
resonance[\\,  secondary  electron  emission[l\  and 
stochastic  heating  at  the  sheath  boundaries[3,4].  The 
last  two  mechanisms  are  both  expected  to  be  more 
important  at  the  sheath  adjacent  to  the  driven  electrode. 
The  secondary  electron  emission  depends  on  the  larger 
D.C.  voltage  whereas  the  stochastic  heating  is 
associated  with  the  larger  A.C.  voltage  across  the 
sheath.  Separation  of  the  two  effects  is  therefore  not  a 
simple  matter  since  the  D.C.  and  A.C.  voltages  are 
closely  related. 
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1.  Introduction 

It  is  generally  known  that  a  dark  discharge  plasma  is  first 
obtained  and  then  the  plasma  is  abruptly  changed  to  a 
bright  one  in  an  inductively-coupled  radio-frequency  (r^ 
plasma  when  the  applying  rf  power  is  gradually  increased 
[1].  The  brightness  increases  by  an  order  of  magnitude  at 
such  a  mode  transition.  We  observed  the  visible  light 
profile  during  mode  transition  in  detail  in  order  to 
understand  the  mechanism  of  the  transition. 

2.  Experimental  Setup 

The  experimental  setup  is  shown  in  Fig.  1,  which  is 
similar  to  that  in  the  reference  [2],  in  which  three  discharge 
modes  were  reported.  The  discharge  tube  was  a  glass 
sphere  of  13  cm  in  diameter,  filled  with  argon  gas  of  133 
Pa  The  plasma  was  obtained  by  a  13.56  MHz  rf  power 
which  was  fedby  one  turn  coil  wound  around  the  tube  on 
its  equatorial  plane.  The  continuous  rf  power  up  to  500  W 
was  supplied  to  the  coil  via  a  matching  network  in  an 
unbalanced  way  through  the  coaxial  cable  of  which  the 
outer  conductor  was  grounded.  The  applied  rf  power  was 
slowly  varied  and  the  matching  network  was  always  tuned 
manually  to  keep  the  voltage  standing  wave  ratio  (SWR) 
minimum  (<1.5),  This  is  diferent  with  the  experiment 
using  a  short  pulse  repetitive  rf  power  source  [3],  where 
mode  transitions  occurred  in  each  short  pulse  without 
quick  tuning.  Also  in  our  experiment,  however,  the  SWR 
transiently  became  a  large  value  more  than  3  just  after 
mode  transition  since  the  tuning  was  unable  to  follow  the 
discontinuous  variations  so  quickly.  The  visible  light 
profiles  before,  during  and  after  mode  transition  were 
monitored  by  a  CCD  camera  and  digitized. 

3.  Experimental  Result 

The  whole  plasma  behavior  is  described  in  detail  in  the 
reference  [2].  The  plasma  was  obtained  with  an  rfpowerof 
22  W.  The  intensity  of  visible  light  gradually  increased 
with  increasing  therfpowerup  to  300  W.  The  most  bright 
part  was  localized  nearthe  non-grounded  feeding  point  and 
extended  to  the  region  near  a  semicircle  of  the  non- 
grounded  side  ofthe  coil.  The  mode  transition  occurred  at 
300  W.  The  connected  rf  power  decreased  to  200  W  after 
tuning  but  the  brightness  ofthe  visible  light  increased  by 
about  an  order  ofmagnitude  compared  with  .that  just  before 
transition.  Further  increase  of  the  rf  power  up  to  400  W 


gave  a  brighter  visible  light  but  no  essential  change. 
When  the  rf  power  was  decreased,  the  inverse  mode 
transition  occurred  at  100  W,  which  decreased  to  30  W 
after  tuning.  The  discharge  after  the  inverse  mode 
transition  was  similar  to  the  initial  discharge  but  localized 
more  than  beff)re.  The  matching  condition  was  also 
difierent  so  that  the  latter  discharge  should  be  said  in  the 
“third”  stage,  not  back  in  the  initial  stage  [2].  The 
discharge  disappeared  at  10  W. 

Temporal  variation  ofthe  visible  light  profile  during  the 
first  mode  transition  is  shown  in  Fig.  2.  The  coaxial  cable 
is  connected  to  the  left-hand  side  ofthe  figure.  Four 
profiles  corresponding  to  diferent  timings  are  shown  in 
this  figure;  (a)just  before  transition,  (b)just  aftertransition 
but  before  tuning,  (c)  aftertransition  and  during  tuning  and 
(d)  after  transition  and  after  tuning.  Note  that  profile  (a) 
was  taken  at  a  difierent  experimental  sequence  with 
diffirent  camera  iris  so  that  the  absolute  light  intensity 
cannot  be  compared  with  the  others.  The  profile  was  still 
not  axi-symmetric  but  localized  to  the  other  side  of  the 
feeding  point  just  after  transition  (b).  The  profile  became 
axi-symmetric  during  and  after  tuning  (c  and  d),  As  the 
tuning  proceeded,  the  bright  region  came  close  to  the  glass 
wall  as  well  as  the  total  light  intensity  increased.  It  is  clear 
that  the  plasma  behavior  strongly  depended  on  the  tuning 
for  reducing  the  SWR. 

A  periodic  profile  in  azimuthal  direction  sometimes 
appeared  transiently  just  before  the  profile  (b)  was 
established.  The  reproducibility  of  the  appearance  of  the 
periodic  profile  was  low.  In  a  measured  example,  the 


Coaxial  Cable 


Fig.  1  Experimental  setup. 
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Fig.  2  Visible  light  profiles  during  mode 
transition;  (a)  just  before  transition,  (b)  just 
afier  transition  but  before  tuning,  (c)  afier 
transition  and  during  tuning  and  (d)  afier 
transition  and  after  tuning. 


phenomenon  was  observed  only  in  one  frame  of  the  video 
signal  (1/30  s  for  NTSC).  The  paiodidty  quiddy 
changed  from  6  to  4.  Similar  but  steady-state  phenomenon 
was  reported  in  the  reference  [4],  where  the  periodicity  was 
discussed  in  connection  with  striations  gaierally  known 
in  dc  electric  discharges.  It  is  not  dear  whether  the 
phenomenon  in  our  experiment  is  of  the  same  type  ornot. 

4.  Discussion 

The  measured  profiles  before,  during  and  afio"  the  mode 
transition  suggest  that  the  mode  transition  is  not  the 
transition  fi^om  an  electrostatically-coupled  discharge  (E- 
discharge)  to  an  inductively-coupled  discharge  (H- 
discharge).  This  comes  fiom  the  fict  that  the  plasma 
should  be  axi-symmetric  if  the  discharge  is  coupled  to  the 
coil  antenna  completely  inductively.  The  mode  transition 
in  this  experiment  should  be  the  transition  fiom  an  E- 
discharge  (or  an  E-dominated  discharge)  to  another  E- 
discharge  (or  another  E-dominated  discharge).  The  latter 
E-discharge  (or  E-dominated  discharge)  would  change  to 
an  H-discharge  (or  H-dominated  discharge)  as  the  tuning 
proceeded.  The  mode  transition  in  this  experiment  was 
probably  caused  by  a  discontinuity  in  the  coupling 
condition  between  the  coil  and  the  discharge  due  to  a 
certain  nonlinear  response  ofthe  plasma  on  the  production 
process  itself  A  circuit  calculation  including  the  nonlinear 
response  of  the  plasma  would  be  required  for  the  exact 
description. 

5.  Summary 

We  observed  the  visible  light  profile  during  mode 
transition  and  obtained  the  following  results. 

(1) The  plasma  behavior  strongly  depended  on  the  tuning 
for  reducing  the  S  WR. 

(2) A  periodic  profile  in  azimuthal  direction  sometimes 
appeared  transiently  just  before  the  mode  transition 
completed. 
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1.  Introduction 

Electron  cyclotron  resonance  (ECR)  plasma 
sources  are  widely  used  in  the  experiments  or  dry 
etching,  plasma  deposition  and  plasma  assisted 
chemical  vapor  deposition  (CVD).  A  significant 
advantage  of  ECR  plasma  sources  is  the  high  electron 
densities  which  can  be  achieved  at  low  gas  pressures. 
As  wafers  with  large  diameter  like  200 ~ 300  mm  and 
decreasing  devices  and  features  in  size  are  required,  it 
becomes  increasingly  important  that  the  etch  rate  be 
uniform  over  the  surface  of  a  wafer  in  order  to  prevent 
charge-up  damage  or  minimize  the  overetch.  Hence, 
the  production  of  a  large  diameter  uniform  ECR 
plasma  has  become  one  of  the  most  important  subjects 
in  plasma  processing.  ECR  plasma  sources  are 
fundamentally  different  from  the  conventional  parallel 
plate  or  reactive  ion  etching  configurations,  in  that 
ECR  plasmas  are  sustained  by  electromagnetic  waves. 
Furthermore,  the  behavior  of  electromagnetic  waves  in 
the  ECR  plasmas  is  determined  by  the  plasma  they 
support.  This  results  in  a  highly  nonlinear  coupling  of 
the  waves  to  the  plasma  ,  with  attendant  problems  in 
such  areas  as  tuning  and  plasma  uniformity. 

It  is  well  known  that  the  uniformity  of  ECR 
plasmas  depends  on  the  experimental  condition,  such 
as  incident  microwave  power,  gas  pressure  and 
magnetic  field  configuration,  that  is,  the  radial  profile 
of  the  ion  saturation  current  density,  hs,  changes  the 
shape  like  concave,  convex,  uniform  or  wavy.  The 
dependence  of  the  radial  profile  of  hs  on  the  gas 
pressure  was  reported  by  Gottscho  et  a/[l].  Gorbatkin 
et  al{2]  showed  the  relation  between  the  ECR  plasma 
uniformity  and  the  electron  density  jump.  As  for  the 
effect  of  the  magnetic  field  configuration  on  the  plasma 
uniformity,  it  was  reported[3]  that  the  magnetic  field 
lines  should  be  set  to  be  straight  from  ECR  point  to  the 
periphery  of  the  wafer. 

As  mention  above,  it  was  reported  the  uniform 
ECR  plasmas  with  small  diameter,  where  the  electron 
density  is  in  the  range  from  5X10'®  to  2  X  10"cm'^. 
Recently,  we  could  achieve  the  very  uniform  large 
diameter  ECR  plasma,  where  uniformity  was  within 
3%  over  200  mm  in  diameter[4].  However,  the 
mechanism  of  the  uniformity  of  ECR  plasma  has  not 
been  clear  yet.  As  one  of  the  reasons,  the  complicated 
effect  of  electromagnetic  waves  propagation  on  the 
plasma  uniformity  could  be  proposed.  Hence,  to 


understand  the  behavior  of  the  electromagnetic  waves 
in  the  ECR  plasmas  is  indispensable  for  the  control  of 
the  radial  profile  of  electron  densities.  However,  there 
are  few  reports  on  the  propagation  or  absorption  of 
electromagnetic  waves  in  ECR  plasmas  with  respect  to 
plasma  uniformity.  In  this  paper,  we  reports  the 
experiments  on  the  plasma  uniformity  and 
electromagnetic  wave  propagation  changing  on  input 
microwave  power.  Furthermore,  the  effects  of  the 
electromagnetic  waves,  specifically,  ordinary 
waves(O-mode)  or  extraordinary  waves(X-mode)  in 
the  plasma  on  the  plasma  uniformity  is  discussed. 

2.  Experimental  apparatus 

A  detailed  schematic  diagram  of  the  experimental 
apparatus  was  described  in  Ref.4.  The  vacuum 
chamber  was  made  of  stainless  steel  with  an  inner 
diameter  of  290  mm  and  a  length  of  1200  mm.  The 
magnetic  coil  assembly  consisted  of  six  coils;  four  to 
make  a  uniform  magnetic  field,  and  two  to  form  the 
magnetic  mirror,  and  control  the  current  of  the  mirror. 
The  frequency  of  the  microwaves  is  2.45  GHz  and  the 
microwave  power  could  be  varied  up  to  5kW.  The  used 
gas  was  He  and  the  pressure  was  0.5 ~  5  X  10'^  Torr. 
The  plasma  parameters  were  measured  with  the 
movable  Langmuir  probes.  The  radial  profiles  of 
electric  fields  of  electromagnetic  waves  were  measured 
with  a  movable  loop  or  dipole  antenna  with  a  crystal 
diode.  The  strength  and  wave  pattern  were  measured 
by  a  crystal  diode  and  interferometer,  respectively.  The 
amplitudes  of  wave  patterns  were  given  with  arbitrary 
units  because  an  uncalibrated  loop  antenna  was  used. 

3.  Results  and  Discussion 

The  dependence  of  the  radial  profile  of  the  ion 
saturation  current  density  on  the  input  microwave 
power  was  in  the  following:  The  profile  of  lis  changed 
as  convex,  wavy,  concave,  uniform,  and  convex  with 
changing  the  input  microwave  power.  [4]  In  order  to 
investigate  this  reason,  the  radial  profile  of 
electromagnetic  waves  was  measured.  Figure  2  shows 
radially  propagating  wave  patterns  observed  by  the 
interferometric  method[4]  for  different  input 
microwave  powers.  Pin  In  the  case  of  Pin=0.6kW,  as 
seen  from  Fig.l,  two  waves  with  long  and  short  wave 
length  are  excited,  where  solid  lines  of  1  -  4  mean  wave 
length  of  Pin  0.6kW  and  IkW,  and  half-wave  length  of 
Pin  1.5kW  and  2kW,  respectively.  The  wave  length 
increased  as  the  input  microwave  power  was  increased. 
The  mode  of  these  waves  was  confirmed  to  be  O-mode 
as  shown  in  Fig.2.  With  increasing  the  electron  density, 
the  wave  number  decreases,  and  becomes  0  at  the 
cutoff. 

Figure  3  shows  a  wave  pattern  and  the  output  of 
a  crystal  diode.  In  the  case,  Ls  shaped  as  shown  in 
Fig.4.  From  Figs.  3  and  4,  the  profile  of  lis  was  sure  to 
be  influenced  by  the  waves  propagating  radially. 
However,  the  profile  does  not  always  correspond  to  the 
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radial  profile  of  output  of  a  crystal  diode.  In  the  case 
where  electromagnetic  waves  remained  strongly,  the 
inserting  antenna  may  disturb  the  profile  of 
electromagnetic  waves,  which  may  be  taken  into 
consideration.  Thus,  the  profile  of  the  observed 
uniform  plasma  of  the  electron  density,  10''cm'^  is 
seems  to  be  influenced  by  the  remained 
electromagnetic  waves  such  as  X-mode.  These  waves 
in  the  plasma  were  found  to  disappear  under  the 
conditions  that  the  electron  density  was  higher  than  2 
X  10’'cm'^ .  In  this  condition,  only  whistler  waves 
were  found  to  propagate  before  the  ECR  position,  so 
focusing  of  whistler  waves  is  supposed  to  make  the 
radial  profile  peaking.  The  critical  density  where  the 
waves  of  X-mode  disappear  changes  according  to  the 
magnetic  field  configurations.  A  uniform  ECR  plasma 
of  the  high  electron  density  around  lO'^cm'^  was 
already  obtained  at  the  incident  power  of  2kW  in  this 
experiment.  In  order  to  obtain  such  a  ECR  plasma 
stably,  it  is  very  important  to  understand  the  behavior 
of  whistler  waves  before  a  ECR  position.  Recently,  the 
ray  tracing  calculation  in  a  plasma  or  2D  model  for 
ECR  plasma  production  have  been  proposed[6,7].  It  is 
future  work  to  measure  the  propagation  of  whistler 
waves  in  two  dimension  with  changing  external 
conditions. 
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Fig.1  The  interferometric  wave  patterns  for 
different  input  microwave  powers 
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Fig. 2  The  dispersion  relation  of  X-mode 
for  diffrent  electrondensities 


Fig. 3  The  radial  profile  of  (a)  the  inter¬ 
ferometric  pattern  (b)  the  output 
of  a  crystal  diode 


Fig. 4  The  radial  profile  of  (a)  the  ion 
saturation  current  density 
(b)  the  output  of  a  crystal  diode 
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Together  with  the  electron  impact  ionization,  the 
associative  ionization  and  the  electron  detachment  play 
an  important  role  in  the  balance  of  charge  particles  in 
weakly  ionized  microwave  plasmas  [1,2].  One  can 
expect  that  the  accumulation  of  negative  ions  in 
discharges  initiated  in  oxygen  or  water  vapour  can  lead 
to  the  rapid  growth  of  the  electron  density.  For 
discharges  in  oxygen,  the  main  processes  are  described 
by  the  following  reactions: 


O2  +  e  — >  ©2^  +  2e 

(1) 

O2  +  e  — >  O'  +  0 

(2) 

O'  +  0  — >  O2  +  e 

(3) 

O2  +  e  — >  20  +  e 

(4) 

the  dissociative  attachment  (2)  plays  a  dominant  role  at 
the  first  stage  of  the  discharge,  when  the  concentrations 
both  of  negative  ions  and  oxygen  atoms  are  low.  As 
negative  ions  and  atoms  are  accumulated,  the 
dissociative  detachment  (3)  becomes  important  (in 
particular,  after  the  switching-off  of  the  microwave 
pulse).  For  a  pressure  in  the  range  10  -  20  torr  the 
discharge  in  these  gases  is  a  breakdown  wave  in 
character  (see,  for  example,  [3,  4]);  in  the  case  of 
weakly  converging  beams,  the  effect  of  ionization-field 
instabilities  leading  to  the  plasma  stratification  and 
increase  in  the  electron  density  up  ta  or  even  above  the 
critical  value  is  reduced.  Therefore,  in  such  discharges 
the  role  of  the  kinetic  processes  can  manifest  itself  most 
clearly. 

The  experiments  were  conducted  with  a  gyrotron 
radiation  with  a  wavelength  of  8  mm  and  a  power  of 
500kW.  A  Gaussian  beam  was  focused  inside  the 
vacuum  chamber  with  a  polystyrene  lens;  its  radius  in 
the  focal  plane  was  ap  =  1.8  cm,  and  the  caustic  length 
was  1f=  kap^  =  25  cm.  In  the  experiments,  the  working- 
gas  pressure  was  varied  within  the  range  10  -  20  torr; 
the  microwave  pulse  duration  could  be  also  varied. 
Characteristic  of  these  experiments  is  that  the  field 
amplitude  (E  =  6  kV/cm)  was  much  greater  than  the 
threshold  one;  consequently,  the  gas  breakdown 
occurred  at  the  leading  edge  of  the  microwave  pulse. 

The  plasma  density  was  measured  from  the  phase  shift 
by  using  the  interferometer  with  a  wave  length  of  2 
mm.  The  space  resolution  was  1cm.  The  diagnostic 


beam  intersected  the  caustic  of  the  main  beam  at  a 
distance  of  5cm  from  the  caustic  center  towards  the 
lens.  The  time  evolution  of  the  electron  density  is  seen 
in  Fig.  lb  which  shows  the  oscilloscope  traces  of  the 
interferometer  phase  detector  signal;  Fig.  la  shows  the 
signal  from  the  microwave  detector  measured  the 
radiation  passed  through  the  discharge.  As  is  seen,  the 
electron  density  increases  sharply  and  reaches  its 
maximum  at  the  leading  edge  of  the  gyrotron  pulse 
(Ips);  then,  the  density  decreases  smoothly  during  the 
pulse.  After  the  switching-off  of  the  microwave  pulse, 
the  density  begins  to  grow,  and  the  second  maximum  is 
usually  twice  as  large  as  the  first  one.  It  should  be 
noted  that,  if  the  duration  of  the  microwave  pulse  is  less 
than  3ps,  then  the  second  maximum  isn't  observed. 


Fig.l.  Oscilloscope  traces  of  the  signals  (a)  of 
microwave  detector  at  the  backside  wall  of  the 
vacuum  chamber  and  (b)  the  phase  shift  measured  by 
interferometer. 

The  results  similar  to  those  obtained  in  the  discharge  in 
oxygen  were  observed  also  by  using  the  air,  water 
vapour  as  well  as  water  vapour  -  nitrogen  and  water 
vapour  -  oxygen  mixtures  as  a  working  gas. 

For  the  discharge  in  oxygen  the  numerical  simulation 
was  performed  for  conditions  similar  to  the 
experimental  conditions  (Fig.  2)  by  using  the  kinetic 
model  [5],  in  which  the  vibrational  kinetics  of  oxygen 
molecules  was  incorporated.  The  calculations  show  that 
the  increase  in  the  electron  density  after  the  switching- 
off  of  the  microwave  power  is  related  to  the  electron 
detachment,  since  at  this  stage  of  the  discharge,  the 
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dissociative  attachment,  which  occurred  in  the  high 
electric  field,  is  replaced  by  the  weak  three-particle 
attachment. 

This  work  was  supported  by  the  Russian  Foundation  for 
Basic  Research,  project  no.  96-02-16 162a. 


p=1 0  Torr,  <E(Q>/yv=(6.9-3  -1 0®  t)  -1 0'’®  V  \=8  mm 

Isohoric  discharge,  t=6  mS- 

Fig.2.  Calculation  of  the  discharge  kinetics  in  oxygen. 
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I.  Introduction 

A  periodic  regime  (with  a  period  on  the  time  scale  of 
about  1  s)  has  been  reveal^  lately  for  the  ECRIS 
(Electron  Cyclotron  Resonance  Ion  Source) 
Quadrumafios  in  Grenoble  operated  with  pure 
krypton[l];  this  regime  was  put  into  evidence  by  four 
types  of  signals:  diamagnetism,  bremsstrahlung, 
electron  and  ion  end-loss  currents.  The  appearance  of 
this  regime  has  been  shown  to  limit  the  currents  of 
highly  charged  ions  produced.  In  order  to  provide  further 
information  on  this  phenomenon,  Quadrumafios  has 
been  run  very  recently  with  other  rare  gases,  again  at  18 
GHz,  for  the  radio-frequency  power  Prf  =  100-1500  W 
and  the  gas  injection  pressure  p.^^  =  0.5xl0'’-9xl0'^ 
mbar.  We  particularly  investigate  the  borderline  which 
corresponds  to  the  appearance  of  this  periodic  regime  in 
the  Prf-pinj  plane,  more  precisely,  with  increasing 
heating  powers  and  decreasing  injection  pressures. 

II.  Results  obtained  for  He,  Ne,  Ar  and  Xe, 
and  comparison  with  Kr. 

When  working  with  rare  gases  of  increasing  Z,  only 
the  He  and  Ne  plasmas  remain  stable  under  the  working 
conditions  given  in  the  introduction. 

Ar  is  the  first  noble  gas  for  which  the  periodic 
regime  sets  in  within  the  range  of  our  experimental 
working  conditions.  Figure  1  shows  for  Ar  and  Xe  the 
borderline  below  which  the  plasma  is  stable,  and 
compares  it  with  the  borderline  previously  obtained  for 
Kr. 

The  comments  made  in  [1]  for  the  Kr  border  and  ionic 
currents  are  qualitatively  valid  for  the  present  Ar  case. 
The  most  remarkable  fact  is  that  the  linear  section  of 
the  border  of  Ar  overlaps  pretty  well  with  the  linear 
section  previously  observed  for  Kr.  The  empirical  law 
for  the  limit  power  at  which  the  periodic 

regime  sets  in  is  :  =  a  -i-  b  pinj  with  b  =  310  ± 

10,  in  both  cases,  in  units  of  W  and  10'^  mbar 
respectively.  We  recall  that  for  Kr  the  spare  data  points 


relative  to  the  periodic  regime  empirically  lead  to  a 
period  proportional  to  Prf  /  (pinj)^^- 


p  Z  4  6  6 

gas  injection  pressure  O'®  mbar) 

Fig.  1  The  border  between  the  domains  of  the  periodic 
and  stable  regimes  is  indicated  for  Quadrumafios 
operated  with  three  rare  gases  of  increasing  Z. 

Triangles:  Argon 
Squares:  Krypton 

Circles:  Xenon.  The  empty  circles  correspond  to  an 
upwards  investigation  (increasing  the  pressure  and  then 
the  power  until  the  switch  to  the  periodic  behavior  is 
achieved),  whereas  the  full  circles  correspond  to  a  careful 
downwards  mapping  (decreasing  p_  and  increasing  Prf ). 


For  Xe,  the  longest  linear  segment  observed  for  the 
borderline  lies  between  3x10'^  up  to  9x10'^  mbar,  and 
corresponds  to  a  different  proportionality  factor  b  =  75 
±  5.  When  carefully  investigating  the  borderline  down 
fi-om  large  pressures  for  Xe,  the  descent  at  the  kink  is 
smooth  while  the  ascent  is  sudden  and  steep.  At  the 
lowest  point,  the  period  has  become  as  high  as  10  s. 
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III.  Concluding  remarks 

These  results,  obtained  only  in  January  1997,  are 
too  recent  to  permit  conclusions  about  the  causes  of  the 
oscillations  documented  in  ref.[l],  but  they  are  very 
useful  for  beginning  a  discussion.  We  have  also  just 
been  aware  that  similar  types  of  periodic  regimes  have 
been  noticed  in  passing  in  other  ECRIS  sources  around 
the  world. 

The  present  study  finally  offers  a  new  interpretation 
of  the  gas-mixing  strategy  which  is  not  inconsistent 
with  the  former  interpretations  which  understand  it  as 
increasing  the  electron  densities  and/or  the  potential  dip, 
decreasing  the  temperature  of  the  heavier  ions,  etc  [2-6]. 
We  recall  that  this  well  known  strategy  consists  in 
adding  at  the  injection  a  gas  moderately  lighter  than  the 
ele’ment  whose  highly-charged  ions  are  desired.  Since 
the  lighter  elements  lead  to  a  border  which  lies  higher  in 
the  Prf-pinj  plane,  the  addition  of  the  lighter  adjuvant 
shifts  the  borderline  to  a  more  favorable  location,  and 
thereby  allows  for  the  production  of  larger  currents. 
This  was  illustrated  in  ref.[l]  for  the  production  of  Kr’* 
currents  increased  by  the  addition  of  He. 


Because  of  the  smooth  shape  and  long  period  of  the 
oscillations  observed  in  Quadrumafios  (see  Fig.  1  of 
ref.l],  we  tend  not  to  ascribe  the  periodic  phenomenon 
to  instabilities,  though  whistler  microinstabilities  such 
in  [7]  have  indeed  been  observed  in  our  case  and  various 
loss-cone  instabilities  probably  occur  (we  have  in  mind 
a  loss  cone  instability  which  could  grow  only  if  the 
plasma  size  is  above  a  few  times  the  wavelength 
involved,  and  that  would  indeed  favor  the  appearance  of 
instabilities  for  the  heavier  elements).  However,  the  fact 
that  the  border  consists  partly  of  stretches  with  a  linear 
dependence  of  the  limit  power  on  the  injection  pressure 
suggests  more  a  fluid-physics  origin  or  sputtering  by 
the  wall.  It  is  also  possible  that  the  sort  of  hysteresis 
illustrated  in  Fig.l  for  Xe  corresponds  to  dififetent 
modes  of  the  repartition  of  the  electric  fields  in  the 
cavity  when  the  plasma  is  developing. 

As  a  summary,  these  recent  results  confirm  that  the 
periodic  regime  is  of  a  great  practical  importance,  as  its 
appearance  limits  the  currents  of  highly  charged  ions 
produced.  The  striking  features  of  this  periodic  regime 
are; 

(i)  very  low  frequency  (making,  so  to  speak,  the 
ECRIS  plasma  beat  like  a  human  heart) 

(ii)  perfect  regularity, 

(iii) the  fact  that  the  borderline  of  its  appearance  in  the 

Prf-pinj  plane  is  at  times  a  linear  segment  but  can 
also  exhibit  kinks. 

Reasons  for  all  these  features  remain  an  open  plasma 
physics  problem  of  great  interest. 
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1.  INTRODUCTION 

We  are  developing  an  effective  radio-frequency  (RF)  heating  method  for  a  low-temperature  plasma  without  a 
magnetic  field.  Stochastic  heating  is  one  RF  heating  mechanisms  [1],  however,  its  energy  conversion  efficiency  from 
the  input  RF  power  to  the  plasma  temperature  is  low.  In  this  work,  we  report  a  more  effective  heating  method  using 
plasma-sheath  resonance. 


2.  EXPERIMENT 

The  experimental  setup  is  shown  in  Fig.  1 .  In  order  to  get  the  low  temperature  plasma, 
(Gd)  plasma  which  was  generated  by  electron  impact  when  Gd  in  the  crucible  was  vaporized  by 


[2].  Since  this  plasma  was  generated  near  the  Gd  surface, 
the  electron  temperature  decreases  with  collisions 
between  the  Gd  atom  and  the  electron  when  the  Gd 
atomic  density  is  high  enough.  The  generated  plasma 
expands  and  flows  to  the  upper  test  section,  which 
consists  of  a  pair  of  parallel  plate  electrodes  and  the  RF 
circuit.  There  was  no  magnetic  field  in  the  area  of  the 
electrodes.  In  this  area,  the  electron  density  and  electron 
temperature  of  the  initial  plasma  were  1  x  10‘®  m‘^  and 
about  0.5  eV,  respectively,  while  the  atomic  density  was 
1  X  lO'*  m'^.  The  ionization  ratio,  therefore,  was  about  1 
%.  Moreover,  the  drift  velocity  of  the  plasma  was  about 
900  m/s. 


The  electrode  height  and  the  gap  between 
electrodes  were  set  at  17  cm  and  5  cm,  respectively.  In 
Fig.  1,  z  is  defined  as  the  distance  from  the  bottom  of  the 
electrode.  The  RF  power  was  applied  to  one  of  the 
electrodes  and  RF  frequency  was  set  at  13  MHz  or  150 
MHz.  A  negative  DC  bias  was  applied  to  the  same 
electrode  in  order  to  form  the  ion  sheath  in  front  of  it. 
The  sheath  thickness  was  controlled  by  changing  the 
amplitude  of  the  DC  bias.  It  also  increases  with  the 
height  because  the  plasma  density  decreases  due  to 
extraction  of  ions  to  the  electrode.  The  other  electrode 
was  grounded.  The  electron  density  and  electron 
temperature  were  measured  by  a  single  probe  between 
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Fig.  1  Experimental : 


the  electrodes.  The  atomic  flux  was  measured  by  a 
quartz  crystal  thickness  monitor. 

3.  RESULTS  AND  DISCUSSION 
3.1  Experimental  results 

The  RF  power  dependence  of  the  electron 
temperature  is  shown  in  Fig.  2.  While  the  electron 
temperature  (Tj)  for  13  MHz  increased  slightly,  that  for 
150  MHz  increased  sharply.  When  T^  was  more  than  3 
eV,  light  from  plasma  discharge  was  observed  between 
the  electrodes.  The  energy  conversion  ratio  from  the 
input  RF  energy  to  the  plasma  electron  energy  was 
estimated  and  was  about  40  %  when  RF  power  was  1  W 
for  150  MHz.  On  the  other  hand,  it  was  about  2  %  when 


RF  power  (W) 

Fig.  2  RF  power  dependence  of  the  electron  temperature 
(DC  bias:-100V) 
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RF  power  was  5.5  W  for  13  MHz.  The  energy  conversion 
efficiency  was  higher  for  the  150  MHz  case. 


3.2  Heating  mechanism 

In  order  to  clarify  the  heating  mechanism  for  150 
MHz,  we  studied  the  possibility  of  heating  due  to  the  plasma- 
sheath  resonance.  The  angular  frequency  of  the  plasma- 
sheath  resonance  (cOr)  is  described  as  follows  [3,  4], 

(0^  =  J^(0^^ocs-n,  (1) 

where  s,  d,  ®pe,  and  n  are  the  sheath  thickness,  the  gap 
between  the  electrodes,  the  electron  plasma  angular  frequency, 
and  the  electron  density,  respectively.  Therefore,  cOr  depends 
on  s  and  n.  Then,  we  investigated  whether  resonance  would 
occur  for  the  above  experimental  conditions.  We  estimated  n 
and  s  for  z,  based  on  the  theory  of  the  Child-Langmuir  sheath 
[5].  The  results,  when  the  initial  electron  temperatures  were 
0.5  and  5  eV,  are  shown  in  Fig.  3.  In  Fig.  3  (a),  no  is  the 
initial  electron  density.  When  z  increased,  n  decreased  and  s 
increased  because  the  ions  and  the  electrons  in  the  plasma 
were  extracted  to  the  electrode  by  the  DC  bias.  Although  the 
resonance  frequency  (/>)  decreased  with  z,  we  found  that  the 
resonance  position  for/,  =  150  MHz  was  in  the  electrode  area 
for  Te  =  0.5  eV.  Even  if  T,  increased  to  5.0  eV,  the 
resonance  position  remained  in  the  electrode  area.  On  the 
other  hand,  the  resonance  position  for /r  =  13  MHz  was  not  in 
the  electrode  area  for  Te  =  0.5  eV. 

Next,  we  simulated  whether  T*  rose  in  the  above 
resonance  condition,  using  a  one-dimensional  plasma  particle 
simulation  code,  XPDPl  [6].  The  initial  density  and  the 
electron  temperature  were  set  at  2  x  lO'^  tn'^  and  0.5  eV, 
respectively,  which  were  values  at  z  =  0.1  m  in  Fig.  3.  The 
applied  RF  frequency  was  150  MHz  and  its  voltage  (V^)  was 
changed.  Figure  4  shows  the  time  evolution  of  T^.  We  found 
that  Te  increased  steeply  at  4  ps  when  Vrf  =  10  V.  Since  r  at  4 
ps  was  about  4  mm,  the  resonance  condition  in  Fig.  3  was 
satisfied. 


In  summary,  we  confirmed  that  the  plasma  was 
heated  efficiently  by  RF  heating  based  on  the  plasma-  sheath 
resonance. 
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(a)  n/n^ 


Fig.  3  Resonance  characteristics  of  the  plasma 
(no:  1  X  10'*  m'^ ,  DC  bias:  -lOOV) 


Fig.  4  Time  evolution  of  T^  in  the  simulation 
(no:2x  10'*m\/  150  MHz) 
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Untroduction 

In  recent  years,  high  power  backward  wave  oscillators 
(BWO’s)  utilizing  intense  relativistic  electron  beams 
have  been  considered  to  be  an  innovative  approach  for 
producing  high-power  microwaves. [1,2]  Experiments  [3- 
5]  on  plasma-filled  BWO’s  have  demonstrated  the 
efficiencies  up  to  40%,which  are  of  the  same  order  as 
those  obtained  in  conventional  moderate  power  devices. 
The  present  work  is  a  basic  study  of  plasma  microwave 
interaction  in  a  slow  wave  structure  (SWS)  such  as  those 
used  in  plasma-filled  BWO’s.  We  have  carried  out  an 
experiment  to  detect  the  density  modulation  in  a  plasma- 
filled  corrugated  metal  wall  waveguide  caused  by 
externally  injected  moderately  high  power  microwaves. 
We  describe  the  experimental  results  on  “protuberance  in 
plasma  pressure”  in  a  corrugated  wall  plasma  waveguide. 

2.Experimental  Setup 

The  discharge  plasma  system  is  shown  in  Fig.  1.  A 
weakly  ionized  steady-state  plasma  is  produced  by  a  gas 
discharge  between  a  hot  cathode  of  diameter  10  cm  and  a 
grounded  corrugated  wall  SWS  (anode).  The  latter  is 
made  of  cast  aluminum  and  has  an  axial  length  of  38.4 
cm  (12  periods).  The  inner  wall  radius  of  the  SWS 
changes  as  /?(z)=1.4cos(27tz/3.2)+5.0  (cm). 


MOVABLE 

SHORT 


Fig.  1 .  Discharge  plasma  system 


The  plasma  is  produced  in  pure  helium  gas  of  50-100 
mTorr  using  a  stabilized  direct  current  source  (10~30V) 
up  to  /=30A.  No  external  magnetic  field  is  applied  to  the 
plasma,  and  no  energetic  electron  beams  which  may 
result  in  BWO  are  present.  A  small  size  Langmuir  probe 


is  inserted  along  the  central  axis  of  corrugated  waveguide 
through  a  longitudinal  slot  cut  to  allow  axial  motion.  No 
significant  effects  on  the  plasma  parameters  due  to 
the  corrugated  wall  are  observed  in  the  case  without 
incident  microwaves. 

Microwave  pulses  in  TMqi  mode  of  frequency  2.856 
GHz,  power  P  less  than  60kW  and  duration  1  ps  fi-om  a 
pulse  magnetron  are  repeatedly  injected  through 
doorknob  coupler  (mode  launcher)  located  at  the  left  side 
of  the  apparatus  shown  in  Fig.  1.  The  microwaves  are 
completely  reflected  by  the  nonuniform  plasma  in  the 
corrugated  wall  SWS.  In  Fig.  1,  R{z)  is  designed  so  that 
the  propagating  2.856  GHz  microwaves  have  the  nature 
of  slow  waves  when  no  plasma  is  present  near  the  mode 
launcher.  Here,  the  term  slow  wave  means  that  the  phase 
velocity  of  the  wave  is  less  than  the  speed  of  light  in 
vacuum.  The  refi-active  index  in  the  axial  direction  is 
greater  than  unity,  and  the  microwaves  constitute  a 
surface  wave  in  the  sense  that  £2  near  the  axis  is 
approximately  expressed  in  the  form  of  a  modified 
Bessel  function  /o(r). 

3.Experimental  results  and  discussions. 

In  Fig.  2,  The  ion  saturation  current  (ISC)  versus  probe 
positions  on  the  center  axis  is  shown  for  the  discharge 
current  of  12A.  Here,  the  zero  probe  position  is  taken  as 
the  position  of  the  doorknob  coupler  in  Fig.  1.  The 
vertical  axis  shows  the  ISC  of  the  probe  with  a  bias 
voltage  of -30V.  The  delay  time  x  is  set  at  0.4ps  after  the 
cessation  of  the  microwave  pulse.  The  dashed  horizontal 
lines  indicate  the  zero  ISC  levels.  In  Fig.  2,  it  is  noted 
that  conventional  cavitons  [6]  (local  density  decrease  at 
the  critical  surface  co=a)p)  are  generated  at  various 
incident  powers.  Here,  to  and  cOp  are,  respectively,  the 
microwave  angular  fi-equency  and  local  plasma  fi-equency. 
An  increase(decrease)  in  ISC  is  assumed  to  indicate  a 
local  increase(decrease)  in  plasma  density.  As  far  as 
cavitons  are  concerned,  the  results  for  the  corrugated 
wall  plasma  waveguide  are  the  same  as  those  for  smooth 
cylindrical  plasma  waveguides.  [7,8] 

For  large  incident  microwave  powers,  a  number  of 
protuberances(rises)  in  ISC  are  generated  as  well  as 
caviton.  The  protuberances  are  always  located  at  the 
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positions  which  are  at  R{z)  minimum  in  the  underdense 
region(a»C0p).  Such  protuberances  in  ISC  have  not  been 
observed  in  conventional  smooth  cylindrical  plasma 
waveguides.  [8] 


Fig.2.  ISC  vs.  axial  position.  The  profile  of  the 
corrugated  waveguide  is  schematically  shown  at  the 
bottom.  The  dashed  horizontal  line  shows  the  zero  level. 


Fig.  3.  The  detected  RF  standing  waves  vs.  position 
of  wire  antenna  on  the  waveguide  axis. 


The  ponderomotlve  force  of  standing  waves  formed  by 
incident  and  reflected  microwaves  can  result  in  a  caviton, 
i.e.,  a  local  decrease  in  plasma  density.  We  need  to 
clarify  the  relationship  between  RF  axial  electric  field 
and  the  measured  result  of  ISC  shown  in  Fig.  2.  In 
Fig.  3,  the  ]£/ versus  axial  position  is  shown  for  7=16  A 
and  for  various  values  of  injected  microwave  power.  The 
Langmuir  probe  is  replaced  by  an  RF  thin  wire  antenna 
2mm  long  along  the  center  axis,  and  the  RF  signals  are 
observed  using  a  crystal  detector.  The  dashed  horizontal 
line  is  the  zero  level  of  the  detected  RF  fields.  It  is 
confirmed  experimentally  that  there  are  no  E,  components 
on  the  axis,  because  the  axisymmetric  TMqi  mode  is 
excited  in  the  plasma  waveguide. 

The  maxima  of  RF  standing  waves  are  observed  at  the 
positions  where  R{z)  is  minimum,  and  the  maxima 
are  never  observed  at  /?(z)  maxima.  Similar  results  are 
observed  repeatedly  under  various  conditions 
In  order  to  understand  the  physical  mechanism  of 
observed  ISC  protuberances,  Langmuir  probe 
characteristics  at  various  positions  are  measured.  In  these 
results,  the  electron  energy  distribution  is  not  exactly 
Maxwellian  after  the  microwave  incidence.  Nevertheless, 
it  is  concluded  that  electron  temperature  is  raised 
uniformly  by  incident  microwaves,  whereas  the  plasma 
density  is  depressed  nonuniformly  in  axial  positions. 
Decrease  at  R{z)  minimum  is  less  than  those  at  other 
positions.  Resultantly,  ISC  protuberances  are  observed  at 
particular  position:  7?(z)  minima.  We  discussed  some 
possibilities  to  explain  the  physical  reason  of  the  ISC 
protuberances. 
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Introduction 

Glow  Discharge-Optical  Emission  Spectroscopy  is  a 
rapid  and  very  suitable  quantitative  in-depth  profile 
technique  for  the  elemental  analysis  of  laterally 
homogeneous  samples,  layers  and  multilayer 
systems.  The  surface  of  solid  and  flat  samples  is 
sputtered  in  a  low  pressure  glow  discharge 
(p=  100..  1000  Pa)  at  a  high  ion  current  density 
(/  ~  200  mA/cm^),  where  the  sample  is  arranged  as 
the  cathode  opposite  to  an  anode  tube  (inner 
0  =  2  ..  8  mm)  in  a  distance  of  0.25  mm.  The 
sputtered  species  are  excited  electronically  in  the 
plasma  and  the  deexcitation  processes  can  be  used  to 
detect  intensities  of  certain  spectral  emission  lines  as 
a  measure  of  the  sample  constituents  if  their 
concentration  is  larger  than  about  1 0  ppm. 

Today,  GD-OES  is  well  established  in  analytical 
laboratories  using  the  direct  current  mode  (dc), 
because  the  measured  emission  line  intensity-time 
profiles  can  reliably  be  converted  into  concentration- 
depth  profiles  of  the  sample  investigated.  In  the 
radio  frequency  (rf)  mode,  which  extends  the  field  of 
analyzed  samples  to  nonconductive  materials,  this 
quantification  is  more  complicated  because  the 
unequivocal  numerical  description  'of  the  emission 
yields  of  spectral  lines  for  changing  discharge 
parameters  requires  at  least  two  electrical  parameters 
(voltage  /  current  /  power)  of  the  discharge.  For 
nonconducting  materials  at  the  backside  of  the 
sample,  it  is  only  possible  to  measure  directly  the 
power  dissipated  in  the  discharge.  Therefore,  the  rf 
voltage  at  the  nonconducting  sample  surface  must  be 
evaluated  using,  for  instance,  an  equivalent  electrical 
circuit  whose  analytical  features  for  GD-OES  have 
been  introduced  elsewhere  [1]. 

The  aim  of  this  presentation  is  to  introduce  a  new 
electrical  engineering  approach  to  rf  discharge 
modelling  and  to  evaluate  the  resulting  physical 
properties  of  the  equivalent  circuit  components. 

Experimental 

The  discharge  volume  and  the  cathode  area  are  much 
smaller  compared  to  usual  plasma  processing 
systems.  That  results  in  a  relatively  high  ohmic 
equivalent  resistance  of  the  glow  discharge  of  more 
than  10  kO  and  makes  the  use  of  commercial 
matching  systems  difficult.  Using  as  an  rf  power 
supply  a  free-running  generator  (dashed  rectangle  1 
in  Fig.  1),  it  is  not  necessary  to  match  the  discharge 
impedance  to  50  Q  and  this  provides  a  sinusoidal  rf 
voltage  output  of  200  to  1500  V  at  a  frequency  of 
4.4  MHz  [2], 


Fig.  1 :  Circuit  diagram  including  rf  generator  (1), 
sample  (2),  discharge  source  (3),  glow  dis¬ 
charge  (4)  and  the  electrical  measurements. 


Voltage  and  current  within  the  rf  period  T  and  the 
selfbias  voltage  are  measured  directly  at  the  backside 
of  the  (conducting)  sample  (2)  using  probes 
connected  to  a  digitizing  oscilloscope  (Tektronix 
11201).  The  capacities  of  the  source  (3)  optimized  in 
this  connection  [2]  represent  those  inside  (Csi)  and 
outside  (Cs2)  the  feedthrough.  The  sum  of  both 
capacities  amounts  to  less  than  15  pF.  The 
arrangement  of  the  electrodes  (an  anode  tube  very 
close  to  the  cathode  plate)  results  in  an  asymmetrical 
rf  discharge  (4)  which  in  a  first  approximation  can  be 
represented  by  a  parallel  circuit  of  a  nonlinear 
resistance  and  a  nonlinear  capacity. 

Results  and  Discussion 


Fig.  2:  Rf  current  measured  for  increased  pressure 
values  (550,  660  ..  990  Pa  t )  at  about  650  V. 
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Because  of  the  rf  current  nonlinearity  (Fig.  2 
measured  at  an  Al-sample),  it  is  straight  forward  to 
assume  a  nonlinear  glow  discharge  impedance  which 
is  parallel  to  the  stray  capacities  of  the  glow 
discharge.  This  impedance  can  be  completely 
described  by  a  parallel  circuit  of  a  capacity,  an 
inductivity  and  an  ohmic  resistance,  all  of  them  vary 
within  the  rf  period.  Because  the  linear  stray 
capacities  can  be  measured  separately,  at  least  two 
other  assumptions  are  necessary  to  calculate  all 
components  of  the  glow  discharge  [3]: 

1.  The  linear  reactive  components  of  the  discharge 
source  and  the  discharge  itself  can  be  separated 
from  the  measured  rf  current  using  the  measured 
trigger  time  of  the  rf  voltage.  The  resulting  linear 
current  is  always  slightly  higher  than  the 
measured  linear  current  through  the  stray 
capacities,  which  means  that,  it  is  not  necessary 
to  include  an  inductivity  to  describe  the 
discharge.  Furthermore,  the  difference  between  rf 
and  linear  reactive  current  represents  the 
nonlinear  components  of  the  rf  current  through 
the  discharge. 

2.  The  resulting  nonlinear  current  through  the 
discharge  can  be  separated  into  its  active  and 
reactive  parts  by  assuming  that  in  the  discharge 
exist  always  enough  charged  particles.  Therefore 
it  can  be  concluded,  that  the  active  and  the 
reactive  currents  are  symmetrically  to  the  time 
scale  at  T/4  and  T,  respectively. 

The  calculated  resistive  current  curves  (Fig.  3)  show 
typical  u-i-characteristics  of  rf  discharges  and 
increase  with  pressure  as  expected. 


Fig.  3:  Nonlinear  resistive  current  through  the 
discharge  calculated  from  the  rf  current 
(Fig.  2)  for  different  pressure  values. 

The  calculated  nonlinear  reactive  current  through  the 
discharge  is  in  a  first  approximation  due  to  the 
varying  thickness  of  rf  sheaths.  Therefore,  the 
varying  sheath  thickness  during  th?  rf  period  (Fig.  4) 
simply  can  be  estimated  by  assuming  rf  sheaths  in 
form  of  a  plate  capacity  with  the  inner  anode  area 
and  a  dielectric  number  equal  to  one.  The  results  are 


in  excellent  agreement  with  published  work  [4,  5], 
but  in  our  calculation  only  electrical  engineering 
arguments  are  used  without  any  physical  modelling. 
Despite  that,  the  average  value  of  sheath  thickness 
aggress  with  measured  values  [6]  and  the  influence 
of  both,  cathodic  (1)  and  anodic  (2)  dark  space,  can 
clearly  be  seen. 


Fig.  4:  Varying  thickness  of  rf  sheaths  calculated  of 
the  rf  current  (Fig.  2).  The  oscillations  in  area 
1  and  2  are  due  to  the  cathodic  and  anodic 
dark  space,  respectively. 

Additionally,  in  the  presentation  we  will  discuss  the 
possibilities  to  separate  the  discharge  in  a  series 
circuit  of  cathodic  dark  space,  plasma  and  anodic 
dark  space  using  the  discharge  asymmetry.  The 
physical  properties  of  the  equivalent  electrical  circuit 
components  will  be  calculated  according  to  the 
probe  theory  and  compared  to  experimental  data 
measured  in  the  rf  and  dc  mode. 
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The  deposits  of  SiOx  films  from  organosilicon 
precursors  have  been  studied  since  a  long  time.  The 
most  common  precursors  being  the 
Tetraethylorthosilicate  (TEOS)  and  the  Hexamethyl- 
disiloxane  (HMDS)  in  mixture  with  the  oxygen.  TTie 
deposits  are  most  often  obtained  in  radiofrequency  (RF) 
or  microwave  plasma  reactors.  This  molecules  are 
complex,  by  their  structure  and  their  number  of  atoms. 
If  the  deposits  from  silane  (SiH4)-oxygen  mixture  have 
been  widely  studied  in  the  plasma  as  weU  as  in  the  solid 
phase,  it  is  not  the  same  case  with  the  deposits  obtained 
from  the  organosilicons.  In  particular,  very  little  is 
known  on  the  dissociation  of  Aese  complex  molecules 
in  the  plasma  phase  as  well  as  on  the  recombination 
products  or  the  fragments  participating  in  the 
deposition.  The  standard  diagnostics  in  the  gaseous 
phase  such  as  the  optical  emission  spectroscopy  (OES) 
the  Mass  Spectrometry  or  the  Langmuir  probe 
measurements  do  not  give  access  directly  to  the  bonds  of 
the  molecules.  We  have  opted  for  an  antilysis  by  Fourier 
Transform  Infra-Red  (Fl'lR)  spectrometry  which  permits 
the  identification  of  the  groups  of  the  molecules  and  of 
the  fragments  as  well  as  the  radicals.  An  initial  study  in 
a  low  frequency  (LF)  plasma  [1]  permitted  to  compare 
the  dissociation  of  HMDS  with  that  of  pure  TEOS  for 
pressures  around  50  mTorr.  A  similar  but  more  recent 
study  has  been  made  in  a  microwave  reactor  at  2.45  GHz 
and  at  a  pressure  of  some  mTorr  [2].  These  studies  have 
shown  a  quasi  total  dissociation  of  the  molecules  even 
at  low  powers  and  the  appearance  of  stable  fragments 
such  as  the  CH4  or  C2H2  and  C2H4.  However,  the 
SiOx  layers  are  obtained  in  organosilicon-  oxygen 
mixtures  and  not  in  pure  organosilicon  plasma.  On  the 
other  hand,  the  dissociation  products  of  the  TEOS  and 
the  HMDS  are  different  and  the  required  powers  for  the 
total  dissociation  of  each  are  also  different 

The  work  presented  here  is  related  to  the  study 
by  FTIR  in  a  Microwave  Multipolar  Plasma  (MMP) 
excited  by  a  Distributed  Electron  Cyclotron  Resonance 
(DECR)  of  organosilicon  monomers,  of  divers 
structures  and  compositions,  pure  and  in  mixture  with 
oxygen  and  at  different  powers.  Ten  precursors  have 
been  selected,  the  first  one  being  the  HMDS 
[0(Si(CH3)3)2]  which  is  the  only  one  to  present  a 
SiOSi  structure.  Thereafter,  we  have  defined  two  groups 
of  precursors  from  Tetramethylsilane  (TMS).  The  first 
group  is  derived  from  the  TMS  [Si(CH3)4]  substituting 
a  methyl  (CH3)  group  by  a  (CXI2H5)  group  each  time. 
We  obtain  the  trimethylethoxysilane  (TMEOS) 
[Si(OC2H5)(CH3)3],  the  dimethyldiethoxysilane 
(DMDEOS)  [Si(OC2H5)2(CH3)2].  the  triethoxy- 


methylsilane  (TOMS)  [Si(OC2H5)3(CH3)],  and  finally, 
the  TEOS  [Si(OC2H5)4].  The  second  group  derives 
from  the  TMS  by  substituting  a  OCH3  group  for  a 
methyl  group.  The  precursors  obtained  are  the 
trimethylmethoxysilane  [Si(CH3)3(OCH3)]  the 
dimethyldimethoxysUane  [Si(CH3)2(OCH3)2)]  that  we 
do  not  possess,  the  methyltrimethoxysilane 
(Si(CH3)(OCH3)3]  and  finally  the  tetramethoxysilane 
(TMOS)  [Si(OCH3)4l. 

The  analyses  are  carried  out  at  a  total  pressure  of  3.2  mT 
before  plasma  with  the  power  ranging  from  0  to  800 
watts.  The  reactor  is  a  MMP-DECR  reactor  with  8 
antennas  and  8  ferrite  magnets.  The  analysis  of  the  gas 
and  the  plasma  is  made  by  IR  absorption  spectrometry, 
using  a  FTIR  spectrometer  Biorad  FTS  60A  with  a 
resolution  of  0.5  cm'l.  The  MCT  detector  permits  an 
analysis  of  the  spectrum  in  the  range  700-4000  cm*^. 
The  low  pressure  (3,2  mTorr)  at  which  the  discharge 
takes  place  imposes  an  increase  of  the  optical  path  of 
the  IR  beam  in  the  plasma  in  order  to  increase  the 
detection  sensitivity  around  1  ppb  or  10"^  mTorr.  This 
is  obtained  thanks  to  a  White  cell  in  which  the  beam 
traverses  the  optical  path  44  times,  i.e,  around  40  m.  A 
spectrum  is  acquired  by  doing  the  average  of  64  scans. 
The  monomer  gas  and  oxygen  feeds  are  separated.  The 
experimental  setup  is  shown  on  figure  1. 


Figure  1  :  Experimenlal  setup 
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The  analysis  of  the  spectra  of  precursors  in  the 
gaseous  phase  can  reveal  the  structural  differences. 
Indeed,  the  compounds  TEOS  of  the  first  group,  TMS 
and  TMOS  of  the  second  group,  for  example,  give  very 
different  spectra  in  the  700-1600  cm"^  range  (fig.2). 


Figure  2 :  IR  spectra  of  TEOS,  TMS  and  TMOS  (gas  phase)  in  the 
range  700-1400  on"^  .  Pressure  =  3,2  mTorr. 

The  CO  structure  present  in  the  TEOS  and  the  TMOS 
appears  at  1114.8  cm'^  and  1110.1  cm'^  respectively 
(CO  asymmetrical  stretching)  which  is  not  the  case  for 
the  TMS  which  does  not  possess  any  oxygen  atom.  The 
Si04  asymmetrical  stretching  bond  appears  at 
792.9  cm'^  for  the  TEOS  [3],  whereas  for  TMOS  it 
appears  at  847.9.cm'l  This  is  due  to  the  environmental 
difference  around  the  Si04  group  in  the  two  molecules. 
In  the  TEOS,  the  oxygen  is  bonded  with  C2H5  while  in 
TMOS  it  is  only  bonded  with  CH3.  As  such,  the 
vibration  appears  at  a  higher  wavenumber  for  the 
TMOS.  The  CH3  bonded  to  Si  produces  peaks  in  the 

range  1245-1290  cm'^  for  the  TMS.  SiC  bond  not 
being  present  in  the  molecules  of  TEOS  and  TMOS,  the 
above  peaks  are  not  detected  for  them.  In  this  way,  each 
precursor  is  well  identified. 

IR  spectral  analysis  of  the  plasma  phase  of  pure 
organisilicon  compounds  brings  into  evidence  two 
important  phenomena :  the  first  is  a  very  big  decrease  of 
the  characteristic  peaks  (Fig.3)  of  the  organosilicon 
molecules  (SiOSi,  CO,  SiC  or  still  CH) 


0  100  200  300  400  SOO  600  700  800 

power  (watt) 

Figure  3  :  Absorbance  vs.  microwave  power  for  different 
absorption  peaks  of  HMDS  molecule. 


The  second  phenomenon  is  the  appearance  of  the  new 
peaks  related  to  the  compounds  such  as 
CH4,C2H2,C2H4,C0,C02.  The  characteristic  peaks  of 
the  molecule  are  no  longer  detectable  beyond  100  watts, 
which  seems  to  prove  that  it  has  been  totally 
dissociated.  Moreover,  the  new  peaks  that  appear  from 
50  watts  are  no  longer  detected  above  100  watts.  These 
remarks  are  valid  for  the  2  organosilicon  groups 
analysed  as  well  as  for  the  TMS  and  the  HMDS. 
However,  it  should  be  noted  that  the  HMDS  is 
dissociated  with  more  difficulty  than  the  other  groups. 
This  reflects  the  stronger  chemical  bonding  in  HMDS. 
The  new  peaks  are  characteristic  of  the  organic 
molecules  and  are  detected  for  all  the  precursors 
dissociated  :  CH4  (2960-3940  crn'l),  C2H2(729  cm'l), 
C2H4  (949  cm‘1)  [4].  On  the  contrary,  free  CO  is  not 
detected  in  either  TMS  or  HMDS  plasma,  this  group 
not  being  present  in  these  molecules.  It  is  detected  in  all 
other  organosilicon  groups.  When  the  CO  bond  is 
present  in  the  cffganosilcon  molecule,  CO  and  free  CO2 
are  detected  in  the  plasma  phase,  which  is  not  the  case 
with  TMS  and  HMDS.  A  new  structure  centered  at  2125 
cm‘l  appears  only  for  the  HMDS  plasma,  while  a  new 
PQR  structure  (1700-1800  cm"^)  is  detected  for  all  the 
groups  except  HMDS  and  TMS. 

The  50  %  oxygen  mixture  does  not  produce 
significant  differences  in  the  plasma  phase  spectra 
compared  to  the  spectra  recorded  for  pure  organosilicon 
plasma.  But  now,  all  the  spectra  (including  HMDS  and 
TMS)  show  the  characteristic  structures  of  CO  and  free 
CO2  coming  essentially  from  the  etching  and  the 
recombinations  on  the  wall.  It  should  also  be  noted  that 
in  every  case  there  is  a  very  high  increase  of  pressure  in 
the  plasma  phase  which  confirms  the  very  strong 
dissociation. 

We  can  conclude  that  the  DEtTR  plasma  induces, 
therefore,  a  very  strong  dissociation  of  the  organosilicon 
compounds  and  the  deposit  is  realized  from  simple 
compounds  originating  from  this  dissociation.  These 
results  confirm  those  obtained  by  Mass  Spectrometry 
analysis  in  the  same  reactor  [5].  This  study  has  revealed 
the  equivalent  organosilicon  groups  in  the  plasma  phase 
in  terms  of  their  structures,  their  dissociation  modes  and 
new  species  detected. 
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Appearance  mass  spectrometry  has  been  applied  to  detect  neutral  radicals  present  downstream  of  a  CF4 
microwave  plasma.  In  a  pulsed  discharge,  time  resolved  measmement  has  allowed  to  study  the  kinetics  of  these 
radicals  in  the  afterglow.  From  the  decay  rate  of  their  concentration,  the  sticking  coefficient  of  these  species  on 
different  surfaces  was  determined.  The  effect  of  the  discharge  parameters  and  of  the  nature  of  the  surfaces 
introduced  in  the  plasma  chamber  (aluminium,  hexatriacontane  polymer  or  silicon)  were  investigated.  The 
influence  of  the  UV  and/or  ions  generated  by  the  plasma  in  the  reaction  chamber  was  also  investigated. 


1.  Introduction 

CF4  plasmas  have  a  number  of  applications  in 
the  field  of  the  etching  of  silicon  for  the 
microelectronics,  or  of  the  modification  of  polymer 
surfaces.  Due  to  the  complexity  of  the  chemical 
processes  occuring  in  the  discharge,  the  knowledge 
of  the  kinetics  of  the  radicals  present  in  the  plasma 
is  essential.  In  particular,  F  atoms  are  considered  as 
an  important  reactive  agent.  However,  contrary  to 
CF  and  CF2,  the  observation  of  F  atoms  and  CFs 
radicals  caimot  be  carried  out  by  laser-induced 
fluorescence  (LIF)  [1]. 

In  this  work,  the  appearance  mass  spectrometry 
technique,  first  presented  by  Robertson  et  al  [2], 
was  applied  to  detect  radicals  produced  by  the 
plasma,  with  emphasis  on  F  atoms  and  CFx 
radicals.  Their  kinetics  were  studied  in  the 
afterglow  of  a  modulated  plasma  and  related  to  the 
reactivity  of  the  surfaces  present  in  the  discharge 
chamber. 

2.  Experimental  apparatus 

The  flowing  afterglow  reactor  used  in  our 
experiments  is  schematically  shown  in  Fig.  1  and 
was  presented  extensively  in  a  recent  paper  [3].  The 
2.45  GHz  microwave  plasma  was  general^  (with 
power  from  15  to  75  W)  in  a  pyrex  tube  open 
downstream  to  a  reaction  chamber  where  a  sample 
holder  can  be  introduced.  A  low  CF4  flow  rate  (1.25 
to  5  seem)  was  used  and  the  pressure  was  adjusted 
between  15  and  100  mTorr  by  a  throttle  valve 
separating  the  reactor  from  a  mechanical  pump.  To 
smdy  the  influence  of  the  charged  particles  and  the 
VUV  radiation  coming  from  the  plasma  on  the 
surfaces  reactivity,  a  metallic  grid  can  be  installed 
at  the  end  of  the  discharge  tube.  It  prevents  the 
plasma  to  penetrate  into  the  reaction  chWber. 

The  detection  of  neutral  particles  was  achieved 
by  a  Hiden  HAL-EQP  500  quMrupole  mass 
spectrometer.  Differentially  pumped,  it  collects  the 
neutral  particles  from  the  reactor  chamber  via  a 


150  pm  extraction  orifice  located  in  front  of  the 
discharge  tube.  The  electron  ionization  energy  was 
varied  between  10  and  70  eV.  For  the  time-resolved 
experiments,  the  microwave  discharge  was  pulsed 
(plasma  on  30  ms,  off  98  ms)  and  the  counting 
pulses  provided  by  the  mass  spectrometer  were 
supplied  to  a  multichaimel  counter  [4]  to  provide 
sigiial  acquisition  resolved  in  time. 

To  study  the  radicals  kinetics  in  the  presence  of 
different  materials,  a  sample  holder  can  be 
introduced  into  the  reaction  chamber,  in  front  of  the 
discharge  tube.  Experiments  were  carried  out  with 
samples  of  bare  aluminium,  silicon  or  HTC  film 
(hexatriacontane  CH3-(CH2)34-CH3),  a  model 
molecule  for  high  density  polyethylene. 

3.  Kinetics  of  the  radicals 

In  a  pulsed  plasma,  the  kinetics  of  the  species 
can  be  observed  from  the  evolution  of  the  mass 
spectrometer  signal  along  a  modulation  period.  In 
the  case  of  fluorine  atoms  (m/e  =  19)  the  ionizing 


Computer 

Fig.  1.  Schematic  view  of  the  experimental  set  up 
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electron  energy  was  set  to  27  eV,  in  order  to 
maximize  the  detected  signal  coming  from  the 
plasma  itself  (and  containing  the  contribution  from 
the  F  atoms)  in  front  of  the  signal  already  present 
with  the  discharge  "off"  and  coming  from  the 
dissociative  ionization  of  CF4  molecules  in  the 
ionization  chamber  of  the  mass  spectrometer  [5], 
Like  Hikosaka  et  al  [6,  7]  and  Ito  et  al  [8],  the 
method  has  also  been  applied  in  the  case  of  CFx 
radicals,  where  the  ionizing  electron  energies  were 
set  close  to  the  ionization  potentials,  at  18  and  15 
eV  for  CF2  and  CF3  respectively.  Typical  decay 
curves  for  these  radicals  are  shown  on  Fig.  2. 


Fig.  2  Mass  spectrometer  signal  and  corresponding 
exponential  fit  for  F,  CF2  and  CF3  radicals  in  the 
afterglow  of  a  15  mTorr,  35  W  CF4  plasma. 

The  time  variation  of  the  mass  spectrometer 
signal  of  the  radical  X  in  the  98  msec  afterglow  can 
be  described  by  the  expression  (plasma  off  at  t  =  0): 

Ix  =  pCo]e-rt+[A]  (1) 

and  our  interest  in  the  following  will  be  focused  on 
the  decay  rate  F,  which,  in  the  case  of  Fig.  2,  is 
equal  to  45,  250  and  130  s"^  for  F,  CF2  and  CF3 
respectively. 

In  the  results  presented  on  Fig.  2  the  non- 
modulated  part  [A],  whose  relative  importance 
compared  to  the  modulated  part  pCo]  depends  on 
experimental  conditions,  can  be  attributed  to  the 
dissociative  ionization  processes  ocpuring  in  the 
ionization  chamber  of  the  mass  spectrometer,  in 
addition  to  the  background  signal  already  present 
without  plasma  [5]. 


4.  Sticking  coefficient  of  the  radicals 

In  our  low  pressure  conditions,  the  comparison 
between  the  decay  rate  F  measured  for  F  atoms  and 
CF2  and  CF3  radicals  shows  that  the  gas  phase 
reactions  are  negligible  in  the  removal  of  the 
radicals  during  the  afterglow,  as  well  as  the 
influence  of  the  gas  removal  by  the  pumping 
system.  Consequently  the  decay  rate  F  is  attributed 
to  the  surface  reactions.  Following  the  analysis  of 
Chantry  [9],  F  can  be  related  to  the  sticking 
coefficient  a  of  the  radicals  by: 

1  =  ALE  +  X.  2  (2  -  g)  (2) 

F  Do  A  a  vth 
where  the  first  term  represents  the  diffusion  and  the 
second  one  the  surface  reactions. 

An  application  of  this  method  to  the  results 
presented  in  Fig.  2  gives  the  sticking  coefficient 
shown  in  Table  1,  which  are  comparable  to  previous 
published  results  [6,  7]. 


Radical 

F  fs-ll 

a  f%1 

F 

45 

0.32 

CF2 

250 

3.02 

CF3 

130 

1.79 

Table  1;  Sticking  coefficient  for  F,  CF2  and  CF3 
radicals  on  the  discharge  chamber  walls  of  a 
15  mTorr,  35  W  CF4  plasma. 

Experiments  described  above  are  extended  to 
study  the  influence  (on  the  kinetics  of  the  radicals 
and)  on  the  smface  reactivity  of  the  discharge 
parameters,  of  the  substrates  introduced  in  the 
chamber,  and  of  the  UV  and/or  ions  when  the 
plasma  penetrates  into  the  reaction  chamber. 
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Eindhoven  University  of  Technology,  P.O.  Box  513,  5600  MB  Eindhoven,  The  Netherlands 
Laboratoire  de  Spectrom^trie  Physique  (CNRS  UMR  5588),  Universite  Joseph  Fourier-Grenoble  I, 
BP  87,  38402  St.  Martin  d’Heres  cedex,  France 


1.  Introduction 

Low  pressure  RF  plasmas  are  widely  used  in  the 
microelectronics  industry  for  the  production  of 
integrated  circuits.  External  conditions,  like  pressure, 
power,  geometry  and  driving  frequency  determine  the 
properties  of  the  plasma  and  thus  its  practical  use  in 
various  applications.  The  influence  of  the  applied  RF 
frequency  has  been  studied  by  several  authors  [1-7], 
When  the  driving  frequency  is  in  the  order,  or  lower 
than  the  ion  transit  frequency  across  the  sheath  (~1 
MHz),  the  discharge  is  then  sustained  by  ionization  due 
to  the  secondary  electrons  from  the  electrodes. 

We  applied  a  450  kHz  RF  voltage  to  a  capacitively 
coupled  parallel  plate  plasma  reactor  filled  with  158 
mTorr  argon.  Time  resolved  emission  spectroscopy  is 
used  to  study  the  excitation  mechanism.  The 
movement  of  the  ions  near  the  sheath  edge  is 
investigated  with  Doppler-shifted  laser  induced 
fluorescence  (DSLIF)  [8],  Langmuir  probe  and  optical 
absorption  spectroscopy  are  used  to  determine  the  ion 


x=0 


Figure  1  :  Setup  of  the  450  kHz  pl^ma 
reactor 


density  and  the  electron  and  neutral  temperatures.  The 
experimental  results  are  compared  with  a  ID  fluid 
model  which  includes  both  bulk  and  beam  electrons. 

2.  Experimental  Setup 

The  reactor  consists  of  two  parallel  stainless  steel 
cylindrical  electrodes  (E)  with  radii  of  55  nun  (see 
figure  1).  All  is  surrounded  by  a  cylindrical  wall 
cormected  to  the  groimded  electrode.  The  distance 
between  the  electrodes  is  42  mm.  Both  electrodes 
contain  slits  to  allow  a  laser  beam  to  cross  the  reactor. 
The  detection  system  (L-MC-PM-PS)  transforms  the 
photons  from  the  plasma  to  TTL  pirlses.  A  previously 
described  ptrlse  coimting  system,  the  CDP  [9],  stores 
these  pulses  with  respect  to  the  period  of  the  applied 
RF  voltage  to  obtain  a  time  resolved  emission  or 
fluorescence  signal. 

DSLIF  [8]  is  used  to  measme  the  velocity  distribution 
function  {vdf)  of  argon  metastable  ions  (Ar^’).  The 
laser  beam  of  a  cw  dye  laser  (DL)  crosses  the  reactor. 
When  the  wavelength  is  scanned  around  the  611.492 
nm  absorption  frequency  of  the  metastable  argon  ions 
(^G9/2->  ^F7/2),  the  461  run  ^05/2)  fluorescence 

signal  intensity  gives  the  velocity  distribution  function 
of  the  (Ar^*)  ions. 

A  Langmuir  double  probe  (LDP)  can  be  inserted  into 
the  reactor.  The  electron  density  and  temperature  are 
derived  from  the  analyzed  probe  characteristics.  The 
probe  can  be  moved  between  the  electrodes  to  obtain 
the  spatial  dependence  of  the  parameters. 

A  tunable  diode  laser  beam  (7,=772.4  nm)  can  cross  the 
reactor  radially.  From  the  Gaussian  shaped  absorption 
profile  we  obtain  the  density  of  the  neutral  metastable 
atoms  and  the  gas  temperature. 

3.  Model 

We  used  a  self  consistent  ID  fluid  model  to  describe 
the  excitation  and  transport  of  the  particles  in  the 
discharge.  The  electric  field  and  particle  densities  are 
derived  simultaneously.  We  consider  3  kinds  of 
charged  particles  (beam  and  bulk  electrons  and  positive 
ions),  and  argon  atoms  in  the  ground,  metastable  and 
excited  states.  An  electron  from  the  beam  (fast> 
becomes  bulk  electron  (slow)  when  its  energy  is  lower 
than  the  ionization  threshold  energy.  Our  model  is 
similar  to  the  one  described  previously  by  others 
[10,11]. 
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We  follow  the  space-time  evolution  of  two  excited 
levels  of  argon  (2pi)  and  (2p6)  and  compare  them  with 
our  experimental  emission  results.  The  source  term  in 
the  model  for  the  excited  atoms  arises  from  the 
excitation  of  ground  and  metastable  states  by  electrons. 
The  effect  of  metastable  atoms  in  ionization  is 
included  in  the  model  following  the  reaction  scheme 
given  by  Tochikubo  [12]. 

4.  Results 

With  the  Langmuir  double  probe,  temperatures  of  the 
bulk  electrons  of  1.1  eV  are  measured  for  7.7  and  18  W 
dissipated  RF  power.  The  electron  densities  are 
0.4-10'®  and  1.3-10’®  m'^  respectively.  Figure  2  shows 
the  spatioteraporal  emission  of  the  750.4  nm  argon  line 
(2pi-lS2)  at  1.3  and  18  Watts.  The  powered  electrode  is 
at  position  zero.  The  measurements  are  compared  with 
the  results  of  the  ID  fluid  model.  A  strong  time 


Simulation 


Experiment 


Figure  2  :  model  results  and  emission 

measurements  of  the  2px  level 

dependence  is  observed  due  to  the  modulation  of  the 
beam  electrons.  These  electrons  are  able  to  excite  or 
ionize  more  than  one  atom  during  their  trajectory  from 
the  cathode  to  the  anode.  The  larger  grounded  surface 
in  the  plasma  creates  a  higher  negative  bias  voltage  at 
the  powered  electrode  than  at  the  grounded  electrode. 
This  results  in  a  lower  energy  of  the  beam  electrons 
from  the  grounded  electrode,  during  its  cathodic  half 
period.  The  measurements  and  the  model  clearly  show 
this  effect  in  terms  of  a  lower  intensity  of  the  750.4  nm 
line  emission  signal  dirring  the  cathodic  half  period  of 
the  grounded  eleetrode.  The  peak  in  the  emission  at  1.3 
W  around  2  ps  is  an  artifact  from  a  micro-discharge 
localized  inside  the  metal  tube  cormecting  the  reactor 
to  the  prunping  system.  For  the  763.5  nm  line, 
originating  from  the  2p6  atomic  level,  however,  a  non¬ 
zero  background  emission  is  observed.  In  fact,  the  2p6 
level  can  be  efficaciously  populated  from  metastable 
states,  whose  population  are  not  modulated  during  the 
RF  cycle,  by  the  bulk  electrons. 


Figure  3  :  DSLBF  measurement  at  two  distances 
from  the  electrode  for  different  phases  (t/T)  in  the 
RF  period. 

The  time  resolved  velocity  distribution  of  the  (Ar^ ) 
ions  is  shown  in  figure  3.  At  9  mm  from  the  electrode, 
the  ions  are  always  inside  the  negative  glow  of  the  RF 
electrode  and  their  mean  velocity  is  zero.  From  the 
profile  of  their  vdf  we  can  deduce  an  ion  temperature 
of  about  400  K.  At  x  =  8  mm,  however,  the  ions  inter 
the  sheath  of  the  RF  electrode  during  the  most  cathodic 
period  of  this  later  and  are  accelerated  towards  this 
electrode.  It  can  also  be  seen  clearly  that  the  ions  have 
a  higher  average  velocity,  particularly  at  t/T=0.8,  when 
the  electric  field  is  the  strongest  at  x  =  8  mm.  Closer  to 
the  electrode  the  ion  speed  has  increased,  resulting  in 
an  ion  density  lower  than  the  detection  limit. 

5.  References 

[1]  K.  Kbhler,  D.E.  Home,  and  J.W.  Cobum,  J.  ^pl. 
Phys.  58,  3350  (1985) 

[2]  R.H.  Bmce,  J.  Appl.  Phys.  52,  7064  (1981) 

[3]  D.L.  Flamm  and  V.M.  Donnelly,  J.  Appl.  Phys. 
59,1052  (1986). 

[4]  V.M.  Donnelly,  D.L.  Flamm,  and  R.H.  Brace,  J. 
Appl.  Phys.  58,  2135  (1985) 

[5]  R.A.  Gottcho,  G.R.  Scheller,  D.  Stoneback,  and  T. 
Intrator,  J.  Appl.  Phys.  66,  492  (1989) 

[6]  B.N.  Ganguly  and  A.  Garscadden,  IEEE 
transactions  on  plasma  science  24,  115  (1996) 

[7]  S.  Kakuta,  T.  Makabe  and  F.  Tochikubo,  J.  Appl. 
Phys.  74,  4907  (1993) 

[8]  N.  Sadeghi,  M.  van  de  Grift,  D.  Vender,  G.M.W. 
Kroesen,  and  F.J.  de  Hoog,  Appl.  Phys.  Lett.  70,  835 
(1997) 

[9]  B.  Pelissier  and  N.  Sadeghi,  Rev.  Sci.  Instrum.  67, 
3405  (1996) 

[10]  Ph.  Belenguer  and  J.  P.  Boeuf,  Phys.  Rev.  A  41, 
4447  (1990) 

[1 1]  M.  Surendra,  D.  B.  Graves,  and  G.M.  Jellum, 

Phys.  Rev.  A  41,  1112  (1990) 

[12]  F.  Tochikubo,  Z.  Petrovic,  S.  Kakuta,  N.  Nakano 
and  T.  Makabe,  Jpn.  J.  Appl.  Phys.  33, 4271(1994) 


XXni  ICPIG  ( Toulouse,  France  )  17-22  July  1997 


1-154 


DYNAMICS  OF  THE  FREELY  LOCALIZED 
MICROWAVE  DISCHARGE  IN  AIR 

A.A.Kuzovnikov,  V.M.Shibkov,  L.V.Shibkova 
Department  of  Physics,  Moscow  State  University,  1 19899,  Moscow,  Russia 

D.P.Smgh,  M.Vaselli 

Istituto  di  Fisica  Atomica  e  Molecolare.  Via  del  Giardino,  7-56127,  Pisa,  Italy 


Under  effect  of  a  powerful  focused  beam  of 
electromagnetic  waves  of  a  microwave  range, 
provided  that  the  intensity  of  a  electrical  field 
exceeds  threshold  value,  in  focal  area  of  a 
discharge  chamber  occurs  a  gas  breakdown.  At 
a  microwave  discharge  in  a  beam  with  a 
reasonably  small  comer  of  convergence  a  wave 
of  breakdown  quickly  leaves  focus  towards  to  a 
flow  of  energy.  For  many  practical  application 
it  is  required  to  localize  the  microwave 
discharge  in  a  fixed  place  of  the  space.  For  it  we 
offered  the  method  of  programmable  pulse.  The 
main  point  of  a  given  method  consists  that  the 
breakdown  of  a  gas  is  executed  by  a  powerful 
short  pulse,  during  which  forward  front  of  the 
discharge  has  no  time  to  leave  focal  zone,  and 
the  maintenance  of  a  plasma  is  executed  by  the 
second  pulse  of  small  amplitude,  which  is  not 
capable  to  stimulate  of  a  gas  breakdown 
independently,  but  if  the  breakdown  is  already 
carried  out,  the  energy  of  a  pumping  pulse  is 
sufficient  for  maintenance  of  the  discharge  in  a 
fixed  place  of  the  free  space  for  a  long  time. 

In  this  work  four  types  of  the  initiated 
microwave  discharge  in  air  atmospheric 
pressure  were  experimentally  investigated: 
nonequilibrium  running  microwave  discharge, 
created  in  a  monopulse  regime  with  a  duration 
up  to  1  ms,  the  energy  flow  density  S=10'*-105 
W/cm2;  localized  microwave  discharge,  formed 
in  programmable  pulse  regime  with  parameters: 


the  breakdown  pulse  n  =  2-50  ps,  Si  =  10'* 
W/cm2,  the  pumping  pulse  X2  =  1  ms,  82=  10^ 
W/cm2;  quasiequilibrium  microwave  discharge 
in  a  kind  of  uniformly  radiated  plasma 
formation,  created  at  atmospheric  pressure  in  a 
monopulse  regime  x^lO  s  and  S=102-10^  W/cm^; 
initiated  microwave  discharge  in  a  kind  of  a 
separate  plasma  channel  at  x  =  1-20  ps  and  S  = 
lO-*  W/cm2. 

The  velocity  of  the  running  microwave 
discharge  spreading  reaches  10®  cm/s  in  the 
beginning  and  reduces  to  lO"*  cm/s  in  the  end  of 
pulse,  (Fig.  1(1)).  As  the  experiments  were 
conducted  in  converging  beam  the  discharge  at 
the  late  stages  of  its  existence  consistently  comes 
in  places  where  S  continuously  decreases  and 
accordingly  velocity  of  the  discharge  spreading 
changes.  The  localized  microwave  discharge 
represents  a  example  of  non  self  maintained 
discharge.  The  electric  field  freely  penetrates 
into  a  plasma.  The  discharge  illuminates  in  all 
time  of  a  pumping  pulse  on  all  area,  engaged  by 
plasma,  unlike  the  running  discharge,  where 
only  the  thin  plasma  layer  illuminates.  The 
velocity  of  localized  discharge  decreases  up  to 
lO^cm/s  to  the  end  of  a  pulse  (Fig.  1(2)).  On  Fig. 
1(3)  the  velocity  of  movement  of  the 
equilibrium  discharge  is  indicated  at  various 
microwave  pulse  duration.  The  equilibrium 
discharge  created  in  monopulse  regime  is 
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located  in  the  space  too,  but  in  difference  from 
of  the  programmable  discharge  at  atmospheric 
pressure  it  represents  homogeneous  illuminated 
plasma  formation  during  whole  a  time  of 
existence.  The  velocity  of  this  discharge  reduces 
up  to  5  cm/s  at  S=2.102  W/cm^.  On  Fig.  2 
vibrational  and  gas  temperatures  in  dependence 
on  the  pressure  of  air  in  a  plasma  of  the 
localized  microwave  discharge  are  showed.  One 
can  see,  that  at  low  pressure  strong 
vibrationally-translational  nonequilibrium 
Tv/Tg=10  is  observed,  with  growth  of  pressure 
Tv  decreases,  and  Tg  increases,  so  at  p  >  400  torr 
Tv=Tg.  If  microwaves  energy  puts  off  in  this 
condition  the  radiation  of  a  plasma  proceeds  yet 
during  several  milliseconds  in  a  visible  range 
and  order  100  ms  in  infrared  of  the  area  of  a 
spectrum  (Fig.3(2),  in  difference  from  the  non- 
localized  microwave  discharge  (Fig.3(l)).  The 
initiator,  used  in  work,  has  allowed  also  to 
receive  the  initiated  microwave  discharge  in  a 
kind  of  a  separate  plasma  channel.  The  channel 
is  formed  for  times  1-2  ps,  the  velocity  of  its 
regrow  reaches  (0,5-1). 10*  cm/s.  The  electron 
density  in  channel  of  microwave  discharge  is 
indicated  in  double  logarithmic  scale  on  fig.4 
(points  -experiment,  line  -calculation  [2]).  At  the 
atmospheric  pressure  Ue  =  (1-2).  10'*  cm*, 
Te=0,7-1,0  eV.  Experiment  and  calculation  give 
dependence  of  the  electron  density  from 
pressure  close  to  linear  and  well  agree  with  each 
ather. 
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1.  Introduction 

Besides  some  advantages  with  respect  to  applications, 
the  pulsed  discharges  giving  results  on  the  dynamics  of 
the  gas  breakdown,  provide  information  necessary  for 
better  understanding  of  the  discharge  production.  The 
experimental  stu(fy  presented  here  contributes  to  the 
research  started  [1-4]  on  pulsed  mode  operation  of 
surface  wave  (SW)  sustained  discharges. 

2.  Experimental  arrangements 

A  pulsed  discharge  is  produced  (Fig.l)  by  using  a 
surfatron  device  [5].  The  parameters  of  the  applied 


Fig.  1 .  Bcperimental  arrangements 

signal  are:  rectangular  pulses  with  carrier  wave 
fi-equency  of /=  2.45  GHz,  pulse  width  Xp  -  (0.8-2)  ms, 
repetition  fi'equency  of  10  Hz,  peak  power 
=  (80-360)  W.  The  discharge  is  in  Ar  at  pressure 
p  -  (0. 1-10)  Torr  and  flowing  gas. 

The  microwave  power  P  of  the  SW  electric  field 
sustaining  the  discharge  and  the  total  light  emission  of 
the  produced  plasma  considered  as  giving  information 
about  its  density  n  are  the  registrated  signals.  They  are 
picked  by  a  microwave  antenna  and  by 
photomultipliers  through  collimators. 

3.  Results 

3.1  Shape,  energy  and  rise  time  of  the  pulses 
The  microwave  pulses  and  the  pulses  of  the  plasma 
density  are  measured  simultaneously  at  the  same  axial 
(z)  positions.  Depending  on  p  and  Po,  the  shape  of  the 
pulses  changes  in  a  different  manner  along  the 
discharge  length.  From  the  measurements  of  the 
microwave  pulses,  their  total  energy  W(z)  is  obtained. 
The  rise  time  r„  of  the  pulses  of  the  plasma  density,  i.e. 


the  time  interval  of  reaching  the  stationary  state,  is  also 
determined. 

At  low  p  and  comparatively  high  Po,  the  pulses  keep 
their  rectangular  shape  over  a  long  distance  (Fig.2). 


Fig.  2.  Pulses  of  the  plasma  density  (a)  and  of  the  electric  field 
power  (b)  at  different  positions  z  in  cm  (denoted  in  (b))  read  from 
the  gap  of  the  surfatron:  p  =  0.5  Torr,  Po-=  310  W 

The  leading  edge  is  sharp.  Starting  with  a  value  of  3  ps 
in  the  beginning  of  the  discharge,  r„  is  almost  constant 
over  a  long  distance.  With  increasing  z,  the  amplitude 
of  the  pulses  decreases  and  their  width  slightly 
diminishes  from  the  side  of  the  leading  edge.  The 
strong  changes  are  in  the  very  end  of  the  column 
(Fig.l)  where  W  drops  fast  (Fig.  3)  and  r„  increases 
(Fig. 4).  The  delay  in  the  response  of  n  (Fig.2)  to  P 
could  be  associated  with  a  threshold  field  intensity  [6] 
necessary  to  be  reached  for  creating  a  discharge. 

At  higher  p  (and  the  same — comparatively  high^Po), 
the  pulse  parameters  change  quite  more  drastically 
(Fig.  5).  Changes  to  a  triangular  shape  are  observed 
towards  the  discharge  end  where  only  that  part  of  the 
pulses  which  is  at  the  side  of  their  trailing  edge  is  kept. 
The  leading  edge  of  the  pulses  is  inclined  even  at  the 
beginning  of  the  discharge.  r„  there  is  about  9  ps  and 
strongly  increases.  W(z)  decreases  exponentially  fest 
(Fig.  3).  The  difference  in  the  W(z)/JVo  -dependencies  at 
low  and  high  pressures  is  an  indication  that  the 
discharge  production  is  at  different  gas-discharge 
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Fig.  3.  z-variation  of  W  (normalized  to  the  energy  \No  of  the 
applied  pulse)  at  low  (■)  and  high  (•)  gas  pressures:  cases, 
corresponding  respectively  to  those  in  Figs.  2  and  5. 
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Fig.  4.  z-variation  of  T„{p  =  0.3  Torr,  Po  =  1 00  W). 

regimes  [7]:  different  contributions  of  diffusion  and 
recombination  to  the  charged  particle  losses. 


Time  [ms] 

Fig.  5.  The  same  as  in  Fig.2  but  at  p  =  9  Torr. 


3.2  Ionization  front  velocity 

decreases  along  the  discharge  length  (Figs.  6  and  7). 


Fig.6.  z-variation  of  V,  at  different  p-values  in  the  limits  of 
p  =  (0.4-5)  Torr;  Po  =  200  W. 

At  p>  0.3  Torr,  Vf  is  smaller  (Fig.6)  at  higher  p.  An 
increase  of  Po  leads  (Fig.  7)  to  an  increase  of  Vf. 

The  measurements  show  that  there  is  an  optimum — ^for 
discharge  production — ^value  of  p  at  which  L  is  large,  r„ 
is  small  and  l^is  high.  Its  value  (popt »  0.3  Torr)  is  in 
the  range  of  discharge  maintenance  in  a  diffusion 
regime.  Existence  of  popt  can  be  associated  with  the 
minimum  of  the  maintenance  field  intensity  which 
appears  [6],  in  a  diffusion  regime,  at  the  transition  from 
predomination  of  the  nonlinear  process  of  stepwize 
ionization  to  that  of  recombination. 


Fig.7.  z-variation  of  VVat  different  Po-values;  p  =  0.4  Torr. 

In  conclusion,  the  obtained  results  cover  different 
conditions  of  maintenance  of  pulsed  SW  sustained 
discharges.  Specificies  in  their  behaviour  showing 
development  of  modulation  instability  on  the  stationary 
level  of  the  pulses  and  separation  of  the  leading  edge  of 
the  pulses  are  discussed  in  Ref  [8]. 
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1.  Introduction 

Self-consistent  longitudinal  structure  of  high-frequency 
gas  discharges  maintained  in  a  diffusion  controlled 
regime  by  Trivelpiece-Gould  mode  propagation  in 
strong  external  magnetic  field  is  obtained.  The  study  is 
stimulated  by  the  extension  of  the  experimental 
research  on  surface  wave  sustained  discharges  to 
magnetized  plasma  production  [1-3]  and  the 
development  [4-6]  of  the  fluid  theory  of  of  waveguided 
discharges  of  isotropic  plasmas.  It  is  shown  that 
nonlocality  due  to  longitudinal  diffusion  is  k  process 
which  ensures  the  self-consistent  variation  of  discharge 
parameters  (plasma  density  n  and  electron  temperature 
T^)  and  wave  characteristics  (maintenance  field 
intensity)  along  the  discharge  length. 

2.  Fornuilation  of  the  problem 

I 

Maintenance  of  magnetized  plasmas  of  high-frequence 
gas  discharges  produced  by  the  field  of  travelling 
waves  is  modelled  on  the  basis  of  the  fluid  theory.,  The 
discharge  is  sustained  in  a  diffusion  controlled  regime. 
The  waveguided  structure  consists  of  the  produced 
plasma  column  (of  radius  /?),  free  space  region  {R  < 
r  <  R^)  and  a  metal  shielding  of  radius  /?,.  The 
■  external  magnetic  field  is  fixed  in,  the  direction  (Z ) 
of  the  wave  propagation.  The  produced  plasma  is 
strongly  magnetized  (co^^»  CO,  co^,  u  where  (0^  and 

are  respectively  electron-plasma  and  gyro- 
frequences,  V'  is  the  electron-neutral  elastic  collision 
frequency  and  CO  is  the  field  frequency).  The  wave 
sustaining  the  discharge  is  an  azimuthally  symmetric 
Trivelpiece-Gould  mode  [7]  with  field  variation 
oc  exp(-/cof -f/Az);  k  is  the  wavenumber.  As  it  is 
known  [4-6],  the  longitudinal  stnicture  of  the 
waveguided  discharges  should  be  obtained  as  a  solution 
of  a  closed  set  which  combines  equations  of  the  gas 
discharge  physics  and  electrodynamical  relations. 

The  electrodynamical  part  of  the  problem  described  by 
the  wave  energy  balance  equation 

dRldz--Q  (1) 

and  the  wave  dispersion  law 

D(o),  k,E{n))  =0,  (2) 

although  involving  tedious  calculations,  is  quite 
transparant.  In  (1),  S  = -(ke^jR^agE^) /  {Sk^) 


and  Q  =  {vR^ )  /  (8//^ )  are  respectively  the  wave 
power  flux  and  the  Joule  losses  in  the  discharge. 
Obtained  in  the  case  of  a  Trivelpiece-Gould  mode  in  a 
strong  magnetic  field  {E^,  E^  ^  0)  they  are 

determined  by  k,n  and  E  =  \E^{r  =  /?)];  833  and 
G33  are  the  longitudinal  components  of  the  permittivity 
and  conductivity  tensors,  =  (ntco^)/  (47te^)is  the 
critical  density  and  -  (©  /  The 

functions  g  and  q  are  slowly  varying  functions  with 
values  between  2  and  3  and  their  ratio  is  q  !  g  =  1  . 
•The  function  fi^N)  =  {kR)l{K^Rf'  where 
N  =  nf  can  be  approximated  by  f(n)  =  aN  with 
a  =  0.23.  Therefore  the  electrodynamical  part  of  the 
problem  (eqs.  (1)  and  (2))  gives  the  following  equation: 

j^(N"v)  =  -NV  (3) 

where  ^  =  (v/  (0){q  /  g)(z  /  oR)  is  a  normalized 
axial  co-ordinate.  Eq.(5)  relates  the  averaged  (over  the 
plasma  column  cross-section)  normalized  density  N  to 
a  normalized  field  intensity  V  =  E^  /  Ef  ’,  E,  appears 
here  as  a  constant  (its  meaning  is  defined  below). 

The  description  of  the  gas-discharge  part  of  the 
problem  is  based  on  the  particle  balance  equation: 

D -1- =  0  (4) 

and  the  electron  energy  balance  equation 

(3/2)/tv.(y.  =0'  =  (1/2)033  (5) 

taken  in  a  local  approach..  Here  V)  =  V,  exp(-(/,  /  7^) 

and  V,  =  V,  cxp(-(7*  /  7J)  are  respectively  the 
frequencies  of  direct  ionization  and  excitation;  U^and 
U,  are  the  corresponding  threshold  energies.  The 
ambipolar  diffusion  coefficients  in  transverse 
and  longitudinal  {D^^)  directions  are  taken  as 

constants.  The  gas  discharge  part  of  the  problem  adds 
the  electron  temperature  to  the  other  three  unknown 

quantities  {k,  n,  E^).  The  four  relations  (1),  (2),  (4) 
and  (5)  are  the  closed  set  of  equations  which  describes 
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the  structure  of  the  disclvarge  composed  by  a  self- 
consistent  variarion  of  plasma  {it,  T^)  and  wave 

{k,  )  characteristics. 

3.  Results 

The  solution  of  eq.  (5); 

I  =-[/,/ hi  F  (6) 

relates  7^  to  the  field  intensity  \E^  and  expresses  the 
effect  of  the  thermal  nonlinearity.  The  normalizing 

field  intensity  Ef  =  {3m(i)^  V.Ut)  /  {qe^v) 

i  o 

determines  its  efficiency.  With  V,  =  Vi  obtained  by 
using  relatioh  (6),  eq.  (4)  gives  the  second  equation 

-^  +  F{V)  =  0  (7) 

which  relates  the  field  intensity  V  and  the  plasma 
density  N  (the  averaging  of  the  density  in  radial 
direction:  is  over  the  profile  A^,.(r‘)  =  J„(2.4/‘ / /?) 

obtained  from  eq.  (4).  In  eq.  (7),  F{V)  =  PF  '  —  5 
and  its  first  and  second  terms  account  respectively  for 
charged  particle  gain  through  ionization  and  particle 
losses  due  to  diffusion  in  a  transverse  direction; 

p  =  Vi|4/D^,,  d=7d[i/D^,  with 

=  {(OgoR  /  ,  X  =  (2.4  /  . 

Equations  (3)  and  (7)  coupling  the  electrodynamical 
and  gas  discharge  parts  of  the  problem,  constitute  the 
final  set  of  equations  (for  n  and  E^)  which  describes 
the  self-consistent  plasma<=>wave  behaviour.  It 
includes  the  strong  thermal  nonlinearity  (eq.  (6)) 
responsible  for  the  discharge  creation  and  nonlocality 
due  to  axial  diffusion  responsible  for  self-consistent 
interrelation  of  ii{z)  and  E^  (z) . 

With  the  small  value  of  F(F)  (F(F)  <10  ^),  the 
solution  of  the  set  pf  eqs.  (3),  (7)  is 

r  =  F,„[l  +  2F(K,„)(A/’-l)].  '  (9) 

A  boundary  condition  for  =  0  at  =  1,  i.e.  at  the 
resonance  of  the  Trivelpiece-Gould  mode  (in  strong 
magnetic  field)  considered  as  a  discharge  end  =  0) 
is  applied.  Here  y  =  (F  —  F^^)  /  F^^  is  the  deviation  of 
the  field  intensity  from  its  threshold  value  at  the 
discharge  aid.  Given  by 

F,l  =  {2D^^  !  Vi){2A  !  Rf'  it  is  determined  as  a 

field  intensity  which  creates  plasma  of  critical  density 
by  compensation  of  the  losses  (diffusion  in  transverse 
and  longitudinal  direction)  by  ionization.  The  results 


(8)  and  (9)  for  the  axial  structure  of  the  discharge  are 
presented  in  Figs.  1  and  2. 


Fig.  1.  Axial  variation  of  the  plasma  density. 


Fig.  2.  Axial  variation  of  the  field  intensity. 

In  conclusion,  the  axial  structure  of  the  gas  discharges 
maintained  in  a  diffusion  controlled  regime  by 
Trivelpiece-Gould  mode  propagation  in  a  strong 
magnetic  field  is  constituted  by  decreasing  (from  the 
wave  launcher  towards  the  discharge  end)  self- 
consistent  variations  of  the  plasma  density  electron 
temperature  and  maintenance  field  intensity  E^ . 
This  axial  striiclure  of  the  discharges  is  obtained  on  the 
basis  of  the  effects  of  strong  thermal  nonlinearity  and 
nonlocality  due  to  longitudinal  diffusion. 
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1.  Introduction 

An  important  aspect  of  RF  capacity  discharges  comes 
fi'om  the  type  of  the  RF  inhomogeneous  field  structure 
and  electron  energy  distribution  function  (EEDF)  coup¬ 
ling  into  discharge.  Two  different  approaches  of  elec¬ 
tron  kinetic  treatment  are  usually  considered  in  analysis 
of  inhomogeneous  bounded  plasma.  In  the  limits  of  so 
called  local  regime  the  EEDF  and  its  moments  are  local 
functions  of  the  maintaining  electric  field,  i.e.  the  energy 
gain  from  the  field  is  locally  balanced  by  the  energy  loss 
in  elastic  and  inelastic  collisions  with  neutral  particles. 
In  opposite,  the  non-local  approach  takes  into  account 
the  non-locality  of  the  problem,  i.e.  the  fact  that  infor¬ 
mation  is  distributed  by  the  electrons  over  the  whole 
cross-section  of  the  discharge,  due  to  their  diffusive 
motion  [1].  The  transition  between  local  and  non-local 
plasma  response  in  molecular  gases  differs  from  that  in 
atomic  gases  for  the  vibrational  and  rotational  levels  of 
molecules  are  excited.  The  aim  of  this  work  was  to  ob¬ 
serve  the  non-local  properties  of  the  EEDF  in  molecular 
gases.  To  this  end  the  space  resolved  (along  the  RF 
electric  field)  behaviour  of  the  EEDF  and  its  moments 
has  experimentally  been  investigated.  A  single  Lang¬ 
muir  probe  by  appropriate  methods  and  techniques  that 
provided  the  unperturbed  probe  characteristics  in  the 
presence  of  RF  electric  field  has  been  used  [2],  The 
measurements  are  performed  by  means  of  a  computer 
controlled  data-acquisition  system  with  cross-modulat¬ 
ion  second  derivative  technique  applied.  The  probe 
diagnostic  methods  are  accompanied  with  accurate 
measurements  of  the  electrical  discharge  characteristics 
(RF  discharge  current  density,  RF  voltage,  ect.).  In  a 
capacity  discharge,  nearly  all  of  the  applied  voltage  is 
dropped  across  the  oscillating  electron  sheaths  that  form 
near  the  electrodes.  These  sheaths  heat  the  electrons 
through  a  process  in  which  electrons  reflected  from  the 
moving  sheath  edge  gain  energy  on  average.  This  pro¬ 
cess,  usually  referred  to  as  "stochastic  heating"  is  the 
dominant  source  of  electron  heating  at  low  pressures  [3]. 

2.  Experimental  results  and  discussion 

The  experiments  have  been  carried  out  in  an  asym¬ 
metrically  driven  capacity  discharge  at  a  frequency  of  27 
MHz.  The  plasma  device  consists  of  parallel  plate 
aluminium  electrodes  with  a  diameter  of  8.2  cm  and 
electrode  separation  L  =  2.6  cm.  The  bottom  electrode 
is  grounded  and  the  top  electrode  is  the  powered  one. 
The  cylindrical  glass  discharge  chamber  is  evacuated 
down  to  a  pressure  of  0.35  Torr.  Typical  curves  of  the 


measured  EEDF  are  shown  in  Fig.  1  at  various  discharge 
current  densities  j,  when  the  probe  is  at  the  midplane  of 
the  discharge  axis.  The  obtained  EEDFs  are  markedly 
non-Maxwellian.  Their  energy  variations  show  domi¬ 
nant  influence  of  the  electron-molecule  energy  ex¬ 
change  processes.  A  strong  decrease  of  the  curves  in  the 
energy  range  of  2-5  eV  is  observed.  This  behaviour 
mirrors  the  rapid  rise  of  the  cross-sections  for  vibrat¬ 
ional  excitation  of  N2  molecules  by  approximately  two 
orders  of  magnitude  in  that  energy  interval.  Figure  2 
demonstrates  the  evolution  of  the  EEDF  as  the  axial 
distance  x  (referred  to  the  grounded  electrode)  is  chang¬ 
ed  along  the  RF  electric  field.  The  measured  EEDFs 
reveal  a  "widening"  towards  the  discharge  center  where 
the  heating  inhomogeneous  RF  field  decreases.  This  be¬ 
haviour  correlates  with  the  average  electron  energy 
variations  (Fig.  3).  The  spatial  scanning  of  (e)  exhibits  a 
nonuniformity  along  the  RF  field  with  a  well 
pronounced  decrease  towards  the  electrodes,  where  the 
heating  electric  field  is  larger.  Thus,  the  non-local 
coupling  between  the  EEDF  and  the  inhomogeneous  RF 
electric  field  is  an  obvious  experimental  result.  The 
axial  electric  field  in  such  a  discharge  increases  towards 
the  electrodes  due  to  a  decrease  of  the  electron  density 
by  ambipolar  diffusion.  The  axial  distribution  of  the 
electron  density,  estimated  by  measuring  the  ion  saturat¬ 
ion  current  is  shown  in  Fig.  4.  For  comparison  a 
theoretical  profile  given  by  the  relation 

n{x)ln{x  =  L/2)  =  (1  -  (2x/Z,)2)-fr2 
is  also  shown. 

The  obtained  EEDF's  axial  variations  may  also  be  in¬ 
terpreted  in  terms  of  the  electron  energy  relaxation 
length  For  low  electron  energies  (2-5  eV),  the  elec¬ 
tron  collisions  leading  to  vibrational  excitation  of  nitro¬ 
gen  molecules  is  the  main  process  significantly  affecting 
A,£(e)  =  [4]-  Here  \  is  the  elec¬ 

tron  mean  free  path,  Vgy  and  are  the  frequencies  of 
vibrational  excitation  and  electron-molecules  elastic 
collisions,  respectively.  An  estimation  shows  that  for 
mean  electron  energies  in  the  range  2-5  eV,  = 

0.5-0. 8  cm  ~  L/2  =  1.3  cm.  Thus,  the  non-local  plasma 
response  should  be  certainly  consider  as  an  approx¬ 
imation  which  finds  its  range  of  validity  under  condit¬ 
ions  when  the  energy  relaxation  length  X^  is  of  the  order 

or  large  compared  to  the  discharge  dimensions  (Z,/2)  as 
the  results  obtained  demonstrate. 

Another  important  problem  for  a  RF  discharge  is  the 
nature  of  the  electron  heating  mechanisms.  At  low- 
pressure  conditions,  one  occurs  the  so  called  "collision¬ 
less"  regime  for  plasma  electrons  where  stochastic 
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electron  heating  in  the  oscillating  RF  sheaths  at  the 
plasma  boundaries  dominates.  Since  the  sheath  voltage 
is  generally  much  larger  than  the  mean  electron  energy, 
the  sheaths  usually  present  an  impenetrable  potential 
barriers  for  electrons:  electrons  can  escape  to  an  elec¬ 
trode  only  when  the  adjacent  sheath  is  fully  collapsed  or 
nearly  so.  Thus  when  an  electron  strikes  a  sheath  it  will 
generally  be  reflected,  and  because  of  the  sheath  motion 
the  electron  will  generally  change  its  energy  on  reflect¬ 
ion.  Although  this  energy  change  can  be  positive  or 
negative,  the  average  effects  is  positive. 

The  total  dissipation  power  Pdisch  discharge  at 

conditions  considered  is  composed  of  the  Ohmic  and 

stochastic  heatings.  By  comparing  Frisch  P^  one 
can  estimate  the  contribution  of  the  noncollisional  dis¬ 
sipative  process  in  the  RF  energy  transferred  to  plasma 
electrons.  Fjjsch  is  obtained  by  measuring  the  RF  dis¬ 
charge  current  /disch>  RF  voltage  C/disch  phase  shift 
between  them.  TTie  RF  power  P^  imparted  to  plasma 

electrons  in  the  plasma  bulk  through  electron-neutral- 
atom  collisions  may  be  found  as  [3]: 

p  _  ^^disch^em^ 

0)gQ  is  the  electron-plasma  frequency  at  the  center  of 
plasma  volume,  R  is  the  discharge  plasma  radius, 
and  Kf  are  geometrical  factors  of  plasma  axial  and 

radial  inhomogeneities  [3].  is  obtained  under  the  as¬ 
sumption  of  a  Bessel  plasma  density  profile  in  radial 
direction,  while  is  calculated  fi'om  the  experimental¬ 
ly  obtained  electron  density  profile  shown  in  Fig.  4.  The 
estimation  shows  that  the  ratio  Py/P^isci^  is  0.05  for  a 

pressure  p  -  0.35  Torr  and  RF  discharge  current  density 
j  =  4.49  mA  cm'2.  Thus,  one  may  conclude  that  the  do¬ 
minant  heating  mechanism  for  such  conditions  is  the 
stochastic  heating. 


Fig.  1.  EEDFs  measured  at  different  RF  discharge  cur¬ 
rent  densities  (x  =  L/2). 


Fig.  2.  EEDF's  variations  along  the  RF  field. 


Fig.  3.  Axial  variation  of  the  mean  electron  energy. 


Fig.  4.  Axial  electron  density  profile  (/  =  4.49  mAcm"^). 
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1,  Introduction 

The  specific  feature  of  capicetively  coupled  RF  dis¬ 
charges  is  the  existence  of  two  operational  modes  which 
essentially  differ  in  a  light  emission  and  in  the  main 
governing  ionization  mechanism.  At  low  discharge 
voltages,  ionization  is  provided  by  plasma  bulk  electrons 
and  the  discharge  is  in  an  a-mode,  while  at  high  dis¬ 
charge  voltages  (or  high  RF  current  densities)  the 
ionization  is  maintained  by  fast  electrons  initiated  at  the 
RF  electrodes  and  the  discharge  is  in  a  7-mode  [1].  The 
experimental  study  of  RF  discharges  in  the  7-reglme  in 
inert  gases  (argon,  helium)  showed  that  the  transition 
into  7-regime  is  accompanied  by  a  sharp  change  in  the 
electron  energy  distribution  function  (EEDF)  and  as  a 
consequence  a  strong  drop  in  the  electron  temperature 
and  a  steep  rise  in  the  electron  number  density  is 
observed  [2]. 

The  aim  of  this  work  is  to  demonstrate  some  specific 
features  of  a  RF  capacltively  coupled  discharge  (E-type) 
in  molecular  gas  (nitrogen),  when  it  goes  from  a-  to  7- 
regime.  The  transition  between  a-  and  7-mode  is  invest¬ 
igated  by  measuring  the  EEDF  and  its  moments'  changes 
with  the  increase  of  the  RF  discharge  current  density. 
For  that  purpose  a  single  Langmuir  probe  by  appropriate 
methods  and  techniques  that  provided  the  unperturbed 
probe  characteristics  in  the  presence  of  RF  electric  field 
has  been  used  [3].  Along  with  this,  integral  light  emis¬ 
sion  measurements  by  using  an  optical  fibre  and  photo 
multiplier  are  also  made  to  confirm  the  results  obtained 
through  a  probe  diagnostics.  The  probe  measurements 
are  accompanied  with  accurate  measurements  of  the 
electrical  discharge  characteristics  (RF  discharge  current 
densities,  RF  voltage,  ect.). 

2,  Experimental  results 

The  experiments  have  been  carried  out  in  an  asym¬ 
metrically  driven  capacity  discharge  at  a  frequency  of  27 
MHz.  The  discharge  is  sustained  between  two  parallel 
plate  aluminium  electrodes  separated  by  a  distance  of 
2.6  cm  and  confined  by  a  cylindrical  glass  tube  with  a 
diameter  of  8.2  cm.  The  bottom  electrode  is  grounded 
and  the  top  electrode  is  the  powered  one.  All  measure¬ 
ments  are  made  in  the  midplane  of  the  axis  in  the 
discharge  chamber  which  is  evacuated  down  to  a  pres¬ 
sure  of  0.2  Torr. 

Figure  1  demonstrates  the  evolution  of  the  EEDF  with 
RF  discharge  current  density  variation.  The  correspond¬ 
ing  variation  of  EEDF  moments  together  with  cor¬ 
responding  discharge  parameters  (voltage  and  power 


density)  are  shown  in  Figs.  2  through  4.  As  can  be  seen 
over  a  limited  range  of  discharge  currents  (up  to  4  mA 
cm“2)  the  EEDF  does  not  change,  the  average  electron 
energy  (e)  remains  constant  and  the  electron  density 
grows  linearly.  The  electron  energy  spectrum  is  far 
away  of  being  Maxwellian  with  a  shape  which  reflects 
the  influence  of  collisions  leading  to  vibrational  excitat¬ 
ion  of  nitrogen  molecules.  When  the  discharge  current 
is  further  increased  a  sharp  change  in  the  EEDF's  shape 
with  a  corresponding  drop  in  (e)  and  a  rapid  increase  of 
is  observed.  As  can  be  seen  (Figs.  1  through  3)  the 
transition  to  a  7-regime  has  a  threshold-like  nature.  The 
transition  point  where  the  discharge  changes  the  mode 
of  operation  (from  a-  to  7-mode)  corresponds  to  a  tran¬ 
sition  current  density  =  4.9  mA  cm~^  and  a  tran¬ 
sition  voltage  =  35.4  V.  The  high  voltage  ensures 
conditions  for  a  secondary  electron  multiplication  in  the 
RF  plasma  sheaths.  After  acceleration  in  the  sheaths 
these  7-electrons  gain  a  high  ionization  efficiency  which 
leads  to  much  faster  electron  density  growing  than  at  a 
linear  rate.  Figure  2  shows  that  increases  by  two 
orders  of  magnitude  as  the  discharge  current  density 
changes  from  3.3  to  5.6  mAcm”^.  The  steep  rise  in  the 
electron  density  due  to  the  7-electron  ionization  results 
in  a  sharp  fall  (about  5  times)  of  the  mean  electron 
energy  (Fig.  3).  Both  the  drop  in  (e)  and  jump  in  lead 
to  a  drastic  increase  of  the  electron-electron  collision 
frequency  «g/(e)^^2  [2].  While  the  discharge  cur¬ 
rent  density  increases  twice  (from  3  to  6  mA  cm“^), 
which  causes  a  transition  from  a-  to  7-regime,  Vgg  in¬ 
creases  by  a  factor  of  800,  thus  giving  conditions  for  a 
termalization  of  the  electron  energy  spectrum.  The 
observed  in  Fig.  1  trend  of  measured  EEDF  (in  7-mode 
operation)  to  Maxwellian  distribution  can  be  explained 
by  this  increased  influence  of  the  electron-electron 
energy  exchange  processes. 

The  sharp  changes  in  the  EEDF  and  in  the  plasma 
parameters — well  known  in  literature  as  a  transition  into 
7-regime — are  accompanied  with  a  change  in  the  dis¬ 
charge  luminosity  distribution  (Fig.  5).  The  increase  of 
integral  light  emission  near  the  electrodes  when  the 
discharge  goes  from  a-  to  7-mode  correlates  well  with 
the  observed  abrupt  transition  on  EEDF  and  its 
moments. 

3.  Discussion  and  conclusion 

The  experiments  show  that  in  the  7-mode  the  physical 
processes  occurring  in  the  RF  sheaths  and  in  the  bulk 
plasma  are  rather  complicated.  Their  dynamics  is 
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determined  mainly  by  the  character  of  the  electric  field 
variation  in  the  plasma  sheaths  during  the  RF  period  [1], 
The  RF  field  main  part  is  concentrated  in  the  plasma 
sheaths  where  due  to  the  nonlinear  interaction  a  strong 
additional  quasi-stationary  field  arises.  This  field  cre¬ 
ates  a  potential  barrier  for  plasma  electrons  in  the  most 
part  of  the  RF  period.  However  during  the  whole  period 
a  continuous  stream  of  positive  plasma  ions  is  directed 
towards  the  electrodes.  The  ion  bombardment  initiates  a 
secondary  electron  emission,  which  plays  an  important 
role  in  the  maintenance  of  the  discharge.  The  secondaiy 
electron  current  grows  under  the  action  of  the  large 
electric  fields  inside  the  sheaths.  After  electrons  multi¬ 
plication  and  acceleration  in  the  sheaths  towards  the 
plasma,  electron  beams  are  formed.  They  reach  the 
plasma  bulk  and  dissipate  their  energy  mainly  through 
inelastic  collisions.  By  contrast  with  an  a-mode,  in  the  y 
-mode  the  production  of  exited  and  charged  particles  is 
controlled  by  the  fast  electrons  generated  in  RF  sheaths 
and  as  a  result  a  strong  increase  of  the  discharge 
luminosity  near  the  electrodes  is  observed.  Due  to  the 
high  efficiency  of  the  y-electrons  the  electron  density 
rises  sharply  and  as  a  consequence  a  reducing  of  the  RF 
field  in  the  bulk  plasma  and  a  fall  of  the  mean  electron 
energy  is  registered. 


Fig.  1.  EEDF  evolution  during  RF  discharge  transition 
to  a  7-mode. 


Fig  2.  Electron  density  variation  during  RF  discharge 
transition  to  a  y-mode. 


Fig.  3.  Average  electron  energy  variation  during  RF 
discharge  transition  to  a  y-mode. 


Fig.  4.  Voltage  and  power  density  variations  as  a  funct¬ 
ion  of  the  discharge  current  density. 


Fig.  5.  Axial  distribution  of  the  integral  light  emission 
density. 
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1.  Introduction 

When  R.F.  voltage  is  applied  between  parallel-plate 
electrodes,  sheaths  are  found  in  front  of  each  electrodes 
and  a  plasma  connects  these  sheaths.  The  purpose  of 
this  research  is  to  measure  distribution  of  electron 
temperature  and  electron  density  by  using  a  double 
probe  compensated  R.F.  potential  variation  in  R.F. 
discharge.  Sheath  is  exist  in  front  of  electrodes. 
Potential  on  earthed  electrode  is  earthed  and  potential 
on  powered  electrode  is  lower  than  earth  by  self-bias 
voltage. 

2.  Experimental  Methods 

The  discharge  system  consists  of  cylindrical  vacuum 
chamber  (diameter:  20  [cm],  length:  29  [cm]),  parallel- 
electrodes  that  are  10  [cm]  in  diameter  and  spaced 
4  [cm]  apart  (Fig.  1).  The  discharge  between  two 
electrodes  is  confined  in  glass  tube.  The  lower 
electrode  is  earthed.  From  the  upper  electrode  R.F. 
power  is  supplied.  The  frequency  of  the  R.F.  power 
is  13.56  [MHz].  An  impedance  matching  unit  is 
comprised  of  two  variable  capacitors  and  one  variable 
inductor  which  transfers  the  R.F.  power  to  the 
discharges.  The  cylindrical  vacuum  chamber  is 
formed  a  vacuum  at  10"^  [torr]  by  a  turbo  molecular 
pump  and  a  rotary  pump.  Argon  gas  is  supplied  via 
a  massflow  controller.  The  pressure  is  varied 
between  0.01  and  0.5  [torr],  which  is  monitored  with  a 
capacitance  manometer. 

3.  Results  and  Discussion 

Fig.  2  shows  electron  temperature  (Tj  [eV])  and 
probe  current  (l[il  A])  versus  distance  from  the  axis 
of  the  discharge.  At  input  power  (Pw  =60  [W])  and 
pressure  (p=0. 1  [torr])  probe  current(I  [  M  A])  are 
decreases  as  the  distance  from  the  axis  increase. 

Fig.  3  shows  electron  temperature  (Te  [eV])  and 
electron  density  (ru  lO”  [m"’])  on  the  axis  of 
discharge  as  a  function  of  the  pressure.  Electron 
density  (n,  lo”  [m'^])  increases  as  pressure  (p  [torr]) 


increases.  Electron  temperature  (T.  [eV])  decrease 
as  pressure  (p  [torr])  increases.  This  agrees  with 
Schottky’s  theory.  Fig.  4  shows  that  electron 
temperature  (Te  [eV])  and  electron  density  (ne 
lO”  [m'^])  on  the  axis  of  discharge  varies  with  input 
power  at  p=0. 1  [torr].  As  input  power  increases, 
electron  density  (n.  lO”  [m’’])  increases  sharply  and 
electron  temperature  increases  gradually. 

Input  power  (P*)  is  consumed  only  at  bulk  plasma. 
Pw=Rpxf  (1) 

Discharge  current  (Id)  is 
Id  =  exsxn.  XV  (2) 

(s:  size  of  electrode  [m^],  v:  velocity  of  electrons 
[m/s]) 

Therefore, 

n.^  oc  p,  (3) 

This  results  reflect  on  measurements  ofFig.  5. 

4.  Conclusions 

Electron  density  (n,)  decreases  as  pressure  increases 
and  increase  of  electron  temperature  (T,  [eV])  is 
caused  by  increase  of  ionization  collision  frequency. 
Electron  density  (n,)  is  proportional  to  P„'^  . 

And  electron  temperature  (Tc  [eVj)  increases 
gradually  as  input  power  (Pw  [W])  increases. 


Fig.  I 
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1.  Introduction 

Newly  developed  high  density  magnetized  plasma 
sources  such  as  microwave  sustained  discharges  at 
electron  cyclotron  resonance  (ECR  at  2.45  GHz)  [1] 
are  very  attractive  for  the  ever  more  stringent  require¬ 
ments  imposed  on  the  etching  processes  in  miaoelec- 
tronics  and  optoelectronics.  In  comparison  with  the 
conventional  RF  capacitive  discharges,  such  sources 
have  the  advantage  of  independent  control  of  ion  flux 
and  ion  energy ;  they  also  provide  high  densities  at 
extremely  reduced  gas  pressures.  Recently,  J.  Margot 
et  al.  [2]  have  developed  a  new  large  diameter  high 
density  magnetoplasma  reactor  based  on  a  Surface 
Wave  Discharge  which,  in  contrast  to  common  mag¬ 
netized  plasmas,  can  be  operated  over  a  large  range  of 
magnetic  field  intensities  and  of  field  frequencies  (10 
MHz-2.45  GHz). 

Operated  at  2.45  GHz  in  SFg,  this  reactor  has  been 
characterized  [2]  and  used  to  replicate  0.2  nm  W 
etched  patterns  with  an  excellent  anisotropy  [3].  In  this 
communication,  we  examine  the  characteristics  of  the 
plasma  sustained  at  a  lower  frequency,  namely  190 
MHz  in  argon.  Preliminary  results  on  the  influence  of 
gas  pressure  and  magnetic  field  intensity  on  the  elec¬ 
tron  temperature,  Te,  and  ion  density,  n,,  are  presented. 

2.  The  experimental  setup 

The  plasma  is  created  by  an  electromagnetic  surface 
wave  propagating  in  a  15  cm  diameter  fused  silica  tube 
and  penetrates  into  a  28  cm  diameter  stainless  steel 
vessel.  A  characteristic  of  this  reactor  is  that  the  mag¬ 
netic  field  is  uniform  over  a  large  part  of  the  reactor 
vessel.  The  surface  wave  is  launched  at  the  gap  of  a  16 
cm  inner  diameter  Ro-box  operated  at  190  MHz.  The 
plasma  is  produced  in  Ar  at  pressures  varying  from  0.3 
to  20  mTorr  and  a  gas  flow  rate  of  25  seem.  When  no 
magnetic  field  is  applied,  the  plasma  can  be  sustained 
at  pressures  as  low  as  1  mTorr. 

A  RF  driven  cylindrical  Langmuir  probe  was  used  to 
determine  the  electron  temperature  Te  and  the  positive 
ion  density  nj.  The  RF  signal  was  sampled  from  the 
190  MHz  HF  power  supply  and  superimposed  to  the 
d.c  voltage  applied  to  the  probe.  Its  phase  was  ad¬ 
justed  so  that  it  compensates  for  plasma  potential  RF 
fluctuations.  This  procedure  enables  to  minimize  the 


distortion  of  the  probe  characteristics  which  can  thus 
be  used  to  retrieve  T^  and  nj  [4].  The  effect  of  the 
magnetic  field  were  reduced  by  orienting  the  probe 
perpendicularly  to  the  magnetic  field  lines.  The  good 
linearity  of  In(ie)  (U  is  the  electron  current  collected  by 
the  probe)  observed  when  plotted  against  the  probe 
potential  suggests  that  (i)  the  bulk  of  the  electron  dis¬ 
tribution  function  is  very  close  to  a  Maxwellian  and 
(ii)  the  magnetic  field  does  not  significantly  affect  the 
repelling  electron  current.  In  these  conditions,  a  reli¬ 
able  value  of  Te  can  be  obtained.  The  influence  of  B 
shows  up  more  strongly  when  considering  the  electron 
saturation  current.  For  this  reason,  the  plasma  density 
was  derived  from  the  ion  saturation  current  using  the 
ABR  theory  [5];  under  our  experimental  conditions, 
the  ions  are  always  weakly  magnetized.  The  meas¬ 
urements  reported  below  have  been  obtained  on  the 
axis  (r=0)  of  the  large  diameter  portion  of  the  reactor 
at  20  cm  from  the  wave  launcher  gap  and  for  a  HF 
power  of  275  W. 

3.  Results 

Figure  1  shows  the  ion  density  ni  measured  at  the 
plasma  axis  as  a  function  of  the  operating  argon  pres¬ 
sure,  for  two  extreme  cases  namely,  when  no  magnetic 
field  is  applied  (B=0  Gauss)  and  at  B=875  Gauss 
which  the  value  of  the  magnetic  field  intensity  used  in 
conventional  ECR  discharge  operated  at  2.45  GHz. 
When  B=0  Gauss,  nj  increases  from  4.10^°cm'^  at  1 
mTorr  until  it  saturates  at  about  15.10^”  cm'^  at  an 
operating  pressure  of  10  mTorr  and  above.  When  the 
875  Gauss  magnetic  field  is  applied,  ni  increases  with 
gas  pressure  to  reach  a  maximum  value  (1.7  10^^  cm'^ 
)  at  about  3  mTorr ;  further  pressure  increase  yields  a 
decrease  of  the  ion  density  down  to  9  .10^^  cm"^  at  10 
mTorr.  The  increase  of  the  plasma  density  with  pres¬ 
sure  can  be  related  to  a  more  favorable  power  balance 
which  results  from  a  reduction  of  charged  particles 
losses  [6].  For  non-zero  B,  the  fact  that  n,  decreases 
for  p  >  3  mtorr  presumably  results  from  a  spatial  re¬ 
distribution  of  the  plasma  (Probe  measurements  are 
local  and  do  not  provide  a  spatially  average  density). 

Figure  2  presents  the  electron  temperature  at  the 
plasma  axis  for  the  same  conditions  as  in  Fig.l.  In 
absence  of  magnetic  field,  Te  decreases  slowly  from 
2.5  eV  at  1  mTorr  to  about  1.75  eV  at  20  mTorr. 
When  the  magnetic  field  is  applied,  Te  is  higher  than 
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for  B=0  (about  4.0  eV)  at  low  pressures  while  it 
reaches  a  comparable  value  at  10  mTorr.  The  decrease 
of  the  electron  temperature  with  increasing  pressure 
results  from  the  reduction  of  the  diffusion  coefficient ; 
at  steady-state,  this  implies  the  ionization  frequency 
and  consequently  Te  will  both  decrease.  Because  the 
diffusion  coefficient  is  also  further  reduced  for  non¬ 
zero  B-field,  one  should  also  expect  a  lower  Te  at 
B=875  Gauss  than  at  B=0.  Fignre  3  shows  that  it  is 
not  the  case  at  low  pressure.  Very  different  spatial 
distributions  of  the  plasma  with  and  without  B-field 
could  explain  this  result.  This  is  well  supported  by  our 
observation  that  the  radial  extent  of  the  plasma  de- 
CTeases  as  B  increases. 

Finally,  Fig.  3  presents  the  ion  density  measured  at  1 
mTorr  as  a  function  of  the  applied  magnetic  field.  The 
ion  density  increases  fi'om  4. 10^°cm'’  when  no  field  is 
applied  and  to  about  8.10“  cm'^  for  B  >  400  G.  Such 
an  increase  by  more  than  one  order  of  magnitude  was 
also  observed  at  higher  pressures,  namely  10  mTorr. 
These  results  seem  to  indicate  that  there  is  no  signifi¬ 
cant  gain  in  applying  a  magnetic  field  larger  than  400 
Gauss.  In  addition,  preliminary  comparison  with  re¬ 
sults  previously  obtained  at  2.45  GHz  show  that  simi¬ 
lar  plasma  densities  can  be  achieved  in  both  plasmas. 
The  190  MHz  magnetized  plasma  thus  seems  to  be 
advantageous  as  compared  to  the  2.45  GHz  discharge 
in  terms  of  magnetic  field  intensity  required  to  achieve 
a  high-density  plasma. 


4.  Conclusion 

We  have  designed  a  surface-wave-based  magneto¬ 
plasma  reactor  operated  at  190  MHz.  The  experi¬ 
mental  results  show  that  high  plasma  densities  can  be 
achieved  at  gas  pressures  as  low  as  0.3  mtorr.  The 
density  obtained  in  argon  is  comparable  to  that  of  ECR 
reactors  but  requires  a  lower  magnetic  field.  This 
work  will  be  now  pursued  by  studying  a  CI2  or  an 
Ar/Cli  plasma  intended  for  anisotropic  etching  of  thin 
films. 
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Fig.l.  Influence  of  pressure  on  the  ion  density  with 
and  without  magnetic  field. 


Fig.2.  Influence  of  pressure  on  the  electron  tempera¬ 
ture  with  and  without  magnetic  field. 
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Fig.3.  Influence  of  the  magnetic  field  intensity  on  the 
ion  density . 
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1.  Introduction 

There  has  been  recently  considerable  interest  in 
flowing  post-discharge  reactors  for  surface  coating 
processes.  In  miaoelectronics,  deposition  of  Si3N4 
films  has  been  obtained  in  N2  CVD  post-discharges 
with  SiHi  [1].  Surface  activation  of  polymers  [2]  and 
nitriding  of  metals  (steel)  [3]  have  also  been  achieved 
in  post-discharge  reactors.  Correlations  have  been 
established  between  the  active  species  density  and  film 
properties  such  as  wettability  for  polymers  and 
resistance  to  corrosion  for  metals  [2,3].  It  is  the 
purpose  of  the  present  work  to  report  on  N  atom 
production  in  a  flowing  post-discharge  used  for  CNj 
film  deposition  [4]. 

A  surface-wave  discharge  is  produced  with  a 
Ro-box  field  applicator  [5]  at  fi'equencies  f  ranging 
from  13.56  to  2450  MHz  in  a  Ni  discharge  tube  (dia. 
4.5  mm)  at  powers  up  to  200  watts.  The  flux  Q  and 
pressure  p  in  the  discharge  tube  are  in  the  range  0.1-2 
slm  and  1-10  Torr,  respectively.  Standard  values  of  Q 
=  0.55  slm,  p=4  Torr  in  the  post-discharge  tube  (dia.  3 
cm)  and  7  Torr  in  the  discharge  tube  are  selected  since 
we  found  that  the  N  atom  density  inaeased  with 
pressure  and  reached  a  saturation  at  p=4  Torr.  The  N 
atom  density  is  determined  by  NO  titration  in  the  post¬ 
discharge  tube. 

2.  Post-discharge  characterization 


calibrated  by  NO  titration  [6]...  Depending  on  HF 
power,  gas  pressure  and  flux,  the  early  and  late 
afterglows  are  more  or  less  separated.  An  emission 
spectroscopy  method  has  been  proposed  recently  [7]  to 
separate  the  contributions  of  the  pink  and  late 
afterglows  in  the  recorded  spectrum  in  order  to 
determine  accurately  the  N  atom  density.  For  that 
purpose,  the  normalized  rsy  distribution  of  the  Nj  (B, 
v*)  population: 


fB.V  = 


(1) 


has  been  calculated.  tB.v  is  the  sum  of  contributions 
from  rB,v  (N+N)  in  the  late  afterglow  and  rB,v  (pink)  in 
die  early  afterglow: 

ray  =  argy  (N  +  N)  +  br^yipink)  (2) 


Abacus  of  rsy  are  then  determined  by  choosing  well 
confirmed  values  of  tb.v  (N+N)  and  rs.v  (pink) 
distributions  [7].  Then,  the  "a"  parameter  in  eq.  2  is 
determined  for  each  experimental  rs.v  distribution  and 
the  N  atom  density  can  be  determined  by  : 

(3) 


A  Nitrogen  post-discharge  is  formed  by  an  early  and  a 
late  afterglow.  The  early  or  "pink"  afterglow  wich  is 
formed  right  after  the  discharge,  is  characterized  by 
the  N2  vibrationnaly  excited  molecules  which  are 
producing  self-ionization  reactions  (Penning  effect). 
The  "pink"  afterglow  is  followed  by  a  late  or  "Lewis- 
Rayleigh"  afterglow  where  reaction  (i)  is  dominant. 
The  late  afterglow  in  a  N2  post-discharge  is  well 
characterized  by  the  emission  of  the  N2  (B,  11)  -  (A,  7) 
spectral  band  at  580.4  nm,  which  results  from  the 
following  recombination  reactions: 

N  +  N  +  N2-^N2(B,  11)  +  N2 

N2  (B,  1 1)  N2  (A,  7)  -I-  hv  (580.4  nm)  (i) 

The  afterglow  intensity  at  X  =  580.4  nm  is 
proportional  to  [N]^  and  this  classical  method  has  been 


We  now  use  the  NO  titration  method  to  validate  the 
above  abacus  method. 

3.  Abacus  method  experimental  validation 

The  post-discharge  optical  emission  is  observed  using 
a  Jobin-Yvon  HR  320  spectrometer  witli  a  Hamamatsu 
R955  photomultiplier,  a  picoameter  amplifier  and  a 
chart  recorder.  Using  equation  3,  we  evaluated  the 
relative  N  atom  density,  for  different  pressures  and 
powers  <f=440  MHz),  and  compared  the  results  to  the 
absolute  density  values  obtained  by  NO  titration.  The 
correlation  of  the  two  techniques  is  reported  in  fig.l. 
In  the  plot,  data  points  corresponding  to  a<0.5 
represent  a  dominating  "pink"  afterglow  while  data 
points  corresponding  to  a>0.5  represent  a  dominant 
"late"  afterglow.  For  both  cases,  tlie  correlation  of  the 
two  N  atom  density  measurement  methods  is  quite 
good,  thus  validating  the  rB,v'  technique. 
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Figure  2  shows  the  N  atom  density  as  a 
function  of  absorbed  power  in  the  pink  afterglow 
(a<0.5,  as  detected  25cm  away  from  the  Ro-Box)  and 
in  the  late  afterglow  (a=0.9,  40cm  away  from  the  Ro- 
Box).  Little  variation  in  the  N  atom  density  values  are 
detected  in  going  from  the  pink  to  the  late  afterglow 
indicating  few  losses  and  creations  of  N  atoms  in  the 
post-discharge. 

4.  Influence  of  frequency  on  N  atom 
production 

The  effect  of  wave  frequency  on  N  atom  production  is 
reported  in  fig.3  for  p=4  Torr.  Plots  of  N  atom  density 
as  a  function  of  absorbed  power  are  presented  for  four 
wave  frequencies  (13.56,  40.68,  440  and  2450  MHz). 
For  all  frequencies,  the  N  atom  density  increases  with 
the  absorbed  power  and  then  reaches  a  saturation 
region  (1.3x10*^  cm'^).  Furthermore,  the  power 
required  to  attain  saturation  decreases  with  increasing 
wave  frequency.  We  can  relate  this  to  the  electron 
density  which  increases  as  a  function  of  wave 
frequency  for  a  traveling  surface  wave  [8].  It  can  also 
be  noted  that  in  the  saturation  region,  values  of  N  atom 
density  are  equivalent  for  40.68,  440  and  2450  MHz. 
At  13.56  MHz,  the  saturation  region  is  not  yet  reached 
at  120  Watts.  The  measurements  were  limited  to  this 
value  to  avoid  the  injection  of  plasma  inside  the  post¬ 
discharge  tube. 

In  conclusion,  the  optimum  discharge 
conditions  for  N  atom  production  were  found  to  be  p=4 
Torr  with  absorbed  power  as  low  as  40  Watts  at  2450 
MHz.  This  N  atom  source  was  successfully  used  for 
CN,  thin  film  deposition  where  a  high  flux  of  atomic 
nitrogen  is  essential  [4]. 

5.  References 


N  atom  density  by  NO  titration  (IQi^  cm-3) 

Fig.l.  Correlation  of  NO  titration  with  the  abacus 
method  (al)^'^  obtained  from  optical  emission 
measurements  (f=440  MHz). 


Fig.2.  Variation  of  N  atom  density  as  a  function  of 
absorbed  power  in  conditions  of  late  and  early 
afterglow  (p=4  Torr,  f=40.68  MHz). 
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Fig.3.  Variation  of  N  atom  density  with  absorbed 
power  for  different  HF  frequencies  (p=4  Torr). 
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Estimation  of  Electron  Density  Distribution 
in  Inductively  Coupled  Electrodeless  Discharge 
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1.  Introduction. 

An  inductively  coupled  electrodeless 
discharge  has  various  advantages  since  it  is  free 
from  electrode  damage.  If  electron  density 
distribution  in  the  discharge  tube  can  be 
determined,  discharge  power  and  current 
distribution  in  the  tube  will  be  estimated.  [1] 
Then  the  optimum  dimensions  of  the  discharge 
tube  and  the  excitation  coil  can  be  designed. 


2.  Electron  density  distribution. 

The  employed  discharge  tube  consists  of  an 
inner  tube  and  an  outer  tube  in  a  coaxial 
configuration  and  is  shown  in  Fig.l.  The 
excitation  cod  is  located  inside  the  inner  tube. 
The  discharge  forms  in  the  space  between  the 
inner  and  the  outer  tube  in  circumferential 
direction. 


Excitation 
coil  (20turns) 


Hg 


Fig.  1  Experimental  discharge  tube  configuration 
The  rate  equation  for  electron  density,  ne,  is: 

Q 

— -  A  grad/jJ  +  (1) 

at 

where  fx  e :  electron  mobility,  E  :  electric  field, 
De :  electron  diffusion  coefficient,  Vi :  ionization 


frequency.  Cylindrical  coordinates  (r,  6 ,  £)  are 
employed  and  did  6  =  dldz=0  are  assumed. 
Under  the  assumption  of  d/d  t=0  due  to  MHz 
operation  and  E=Es=0,  eq.(l)  is  rewritten  as 
follows: 


— — (r — 7iJ+  v^n 
r  dr  ^  dr  ‘  ‘ 


0,  (2) 


where  A  is  replaced  by  the  ambipolar  diffusion 
coefficient,  A.  Assuming  that  v  i  is  propor¬ 
tional  to  electric  field.  Eg,  and  E g  is  almost 
proportional  to  the  inverse  of  the  radius  outside 
the  region  of  the  excitation  coil,  the  expression, 
v  I  -A/r,  is  employed  where  A  is  constant.  Then 
eq.(2)  is  rewritten  as  follows: 

f  1  d  B  . 

— -n^+ - n  +— n  =0, 

dx^  X  dx  X 

where  x=r/rm  (im:  inner  tube  radius)  and 
B=rmA/Da. 


(3) 


The  electron  density  distribution  is  calculated 
with  constant  B  by  eq.(3)  and  shown  in  Fig.2 
with  rm=l  1.9mm,  iT)=35.9mm  (in:  outer  tube 
radius)  and  ^=4.4328. 


Fig.2  Calculate  electron  density  distribution. 
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The  density  has  a  maximum  at  at  =1.81  (r=21.5 
mm). 

The  value  of  .Sis  determined  by  the  boundary 
condition,  /?e=0  at  r  =jt).  .6  as  a  function  of 
(io/nn-l)  is  shown  in  Fig.  3.  The  relationship 
between  .Sand  (n)/iin-l)  is  approximated  by, 
15.45(ii)/rm-l)-i”  (4) 


Fig.3  .Sas  a  function  of  (m/im-l). 

3.  Measurement  of  distributions  of  the 
excited  mercury  atom  at  and  T^S  states. 

The  discharge  tube  was  filled  with  argon  of 
67Pa  and  mercury.  The  distributipns  of  the 
excited  mercury  atom  at  G^D  and  7®S  states  were 
measured  instead  of  electron  density,  since  the 
direct  measurement  of  electron  density 
distribution  is  difficult.  The  power  radiated  in  a 
transition  between  the  irth  and  j  th  state  of  the 
atom,  iig(r),  is; 

,  (5) 

where  CIg:  emission  constant,  atom  density 
at  the  Ath  state,  jfikj:  energy  difference  between 
the  ith  and  j  th  state.  Thus  distribution 
can  be  determined  by  measuring  Aj(r) 
distribution  using  Abel  inversion. 

Four  non-imprisonment  emission  hnes  from 
mercury,  312.Gnm  (G^Da-^G^Pi),  3G5.0nm  (G^Ds 
^G3P2),  404. 7nm  (73Si-»G3Po),  435.8nm  (73Si^ 
G®Pi),  were  employed  for  the  measurement.  The 


obtained  results  are  shown  in  Fig.  4.  Each 
distribution  of  the  excited  atom  density  has  a 
maximum  around  r=21mm. 


Fig.  4  Measured  distribution  of  the  excited 
mercury  atoms  at  G^D  and  7®S  states. 

4.  Discussion. 

The  electron  density  distribution  shown  in 
Fig.2  obtained  by  eq.(3)  and  the  distributions  of 
the  excited  mercury  atom  shown  in  Fig.  4  show 
good  agreement  both  in  shape  and  maximum 
position.  Since  the  excited  mercury  atoms  at  G®D 
and  733  states  (non-imprisonment  level)  are 
produced  by  coUision  between  electrons  and 
mercury  atoms,  it  can  be  considered  that  the 
electron  distribution  should  be  proportional  to 
the  distributions  of  the  excited  mercury  atom  at 
G^D  and  7^8  states. 

5.  Conclusion. 

The  electron  density  distribution  in  the 
inductively  coupled  electrodeless  discharge 
which  is  calculated  by  eq.(3)  shows  good 
agreement  with  the  measured  distributions  of 
the  excited  mercury  atom  at  G^D  and  7^8  states. 

G.  Reference. 
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1.  Introduction 

Our  aim  is  to  investigate  the  propagation  of  quasi¬ 
longitudinal  waves  in  the  surface  layer  of  a  magnet¬ 
ically  confined  plasma  by  using  the  scalar  potential 
derived  from  Possion  equation  which  is  indepen¬ 
dent  from  the  distribution  function  of  particles. 

2.  Modeling 

For  a  collisionless,  inhomogeneous,  semi-bounded, 
magnetically  confined  anisotropic  plasma  with  the 
characteristic  length  exceeding  the  Larmor  radii  of 
the  particles  (i.e.  Vra/^a  ^  L  :  a  =  i,e)  the 
following  Possion  equation  is  derived  using  kinetic 
theory: 

+  j<tP  j 

TUa  2  ^ 


Then,Eq.(l)  is  reduced  to 


where  b  =  Foa(Sa,x)  is  either  Maxwellian 

'"a 

or  Permian,  and  J„  &  are  Bessel  function 
and  its  derivative,  respectively.  Here  one  dimen¬ 
sional  inhomeneity  is  chosen  along  x-axis,  and  uni¬ 
form  external  field  is  oriented  along  z-axis  (i.e, 
Qa  =  constant).  Vto  is  termal  speed  of  particles, 
is  particle-cyclotron  frequency.  Pa  is  particle- 
momentum,  and  £a  is  particle-kinetic  energy. 

New  phenomena  is  expected  when  w  < 

kyct  ~  limit  only  n  =  0  term  is 

essential  in  Eq.(l).  Moreover,  at  long  wavelenghts, 
only  1  is  of  interest. 


where 


“-X,47re„ydP„  w-k,V, 
P  =  Y^A-Kel  I dPa-^ - 

^  J  niaUa  W  - 
-  V47re2  fdP  ^ _ - 

“7  “2fi2  u,-/ 


Eq.(2)  is  valid  for  all  inhomogeneous  plasma  like 
media.  Therefore  various  kinds  of  problems  can  be 
studied  by  means  of  Eq.(2). 

We  restrict  ourself  to  the  case  where 

V</>i  =  i 

V?^2,  3  =  0  ;  X  <  0,  X  >  d  (3) 

Then  related  boundary  conditions  are 


<i>\x=o,d  =  0,  ,  1^^—  -  Ai^J  =  0, 

fioo  t  OO  (4) 

where  ^  =  1  —  7, and  A  =  kyf}.  Hence  solution  of 
Eq.  (3)  is 

Cie-''^  -fC2e''®;  |  x  |<  d 
<i>=  Cse-"^  x<0  (5) 

04  6"*  x>d 


where  k?  = 


a-Fkl 


Ikl  +  kl 


3.  Results 


Eq.(5)  leads  to  following  dispersion  equation; 

(«2^2^^2_A2)(g«r 

+  27?K(e''»'+e-''*)  =0  (6) 


XXin  ICPIG  ( Toulouse,  France )  17-22  July  1997 


1-173 


We  observe  that 

•  If  IrriK  >  Ren,  Eq.(6)  describes  the  bulk 
waves  and  coincide  with  sin{iKd)  w  0  at  the 
short  wavelength  limit,  rjd'^  1. 

•  In  the  case  of  i?e/c  ^  IruK,  there  are  two 
cases: 

(a) If  /cd  ^  1  (i.e.  semi  bounded  media)  we 
have  surface  waves  which  are  one  direction 
with 

+  V  d:  A  =  0  (7) 

(b) If  /cd  -C  1  (i.e.  long  wavelength  limit)  the 
surface  waves  are  represented  by  the  follow¬ 
ing  dispersion  relation 


+  r]^  -  A^)d  +  1]^  =  0  (8) 

Our  study  continues  to  find  w  at  the  limit  of 

•  tu<C  Oi ,  n  =  0  and 

•  kzVri  kzVre 

for  Maxwellian  ion  and  Permian  electrons. 
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Non  ideal  plasmas. 
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1.  Introduction 

Laser  breakdown,  in  which  a  substance  is 
transformed  explosively  to  a  plasma  by  a  focused 
pulsed  laser  beam  has  been  stuied  extensively  [1,  2]. 
The  spark  is  a  result  of  dielectric  breakdown  of  the 
medium  induced  by  the  strong  electric  fields  of  the 
pulse.  In  the  high  temperatures  of  the  spark  plasma, 
material  is  reduced  to  elemental  form  and  is  excited 
and  ionised.  In  gases  and  on  solid  samples  the  main 
spectrum  feature  of  such  plasma  is  the  appearance  of 
atomic  and  ionic  lines.  These  lines  can  be  used  to 
determine  plasmas  parameters  as  temperature  or 
electronic  density  [3,  4],  In  pure  water,  laser  plasmas 
produce  a  quite  different  sort  of  spectrum  because  of  the 
important  medium  density.  Indeed,  atomic  or  ionic 
emission  lines  is  less  evident  and  the  spectrum  is 
mainly  composed  of  an  intense  continuum  which 
vanishes  a  few  hundreds  of  nanoseconds  after  the  laser 
pulse.  Then,  spectroscopic  characterisation  of  such 
plasma  becomes  more  difficult.  To  our  knowledge,  no 
hydrogen  emission  lines  have  been  yet  observed  in 
imderwater  laser  spark  spectra.  D.A.  Cremers  and  al. 
studied  such  spectra  with  an  experimental 
configuration  comparable  to  ours  [5],  They  did  not 
observe  any  emission  form  H I  and  only  at  early  times  a 
weak  O I  {111  A  nm)  signal.  In  the  following  sections, 
we  study  time  resolved  spectra  in  different  zones  of 
underwater  laser  plasma,  and  we  observe  Balmer 
emission  lines  in  some  zones.  Continuum  radiation  is 
studied  and  temporal  evolution  of  electron  density  is 
calculated  using  Stark  broadening  of  Ha  emission  line. 
Results  are  in  good  agreement  with  D.A.  Cremers  and 
al.  Results  [5]. 

2.  Experimental 

a.  Spectroscopic  measurements 

We  used  a  Nd:YAG  laser  of  10  ns  duration  with 
an  energy  Ei  ranging  from  10  mJ  to  310  ml.  The  beam 
was  focused  into  the  liquid  by  a  50  mm  focal  length 
plano-convex  fused  silica  lens.  The  cell  containing  the 
samples  was  constructed  of  quartz  to  provide  an  inert 
environment  for  the  liquids.  The  spark  light  was 
monitored  at  right  angles  to  the  path  of  the  laser  pulses 
through  an  achromatic  cemented  doublet  and  an  optical 
fiber  up  to  a  Jobin-Yvon  spectrometer.  A  1024  pixels 
time-gated  photodiode  array  provided  simultaneous 
detection  of  the  spark  light  over  the  whole  visible 
region.  This  photodiode  array  was  intensified  with  a 
pulse  generator  which  was  monitored  with  an  Optical 
Multichannel  Detector  (OMA2000)  connerted  to  a 
personnal  computer. 


b.  Data  handling 

Spark  light  intensity  is  much  less  intense  in 
water  than  in  gases.  Then,  to  avoid  too  noisy  line 
emission  spectra,  we  had  to  sum  over  several  hundreds 
of  shots.  Moreover,  to  have  a  better  estimation  of  the 
noise  to  substract  to  a  series  of  shots,  we  alternately 
acquire  the  noise  and  the  signal.  We  used  a 
reconvolution  method  based  on  a  least  square  curve 
fitting  technique  to  retrieve  lines  parameters.  Such 
reconvolution  method  has  several  advantages  over 
deconvolution  techniques  :  first,  it  is  possible  to  retrieve 
positions,  shapes  and  intensities  of  several  lines 
overlapping  each  other.  Secondly,  the  continuum  which 
can  distorts  in  an  important  way  emission  lines  spectra 
is  fitted  at  the  same  time  and  ffien,  does  not  ne^  any 
additional  treatement.  Aqueous  solutions  were  prepared 
with  ultra-pure  water  having  resistivity  equal  to  18 
MQ/cm. 

c.  Size  measurements 

We  measured  plasma  size  using  a  single-mode 
fiber-optic  coimected  to  an  achromatic  cemented 
doublet.  The  other  end  of  the  fiber  was  connected  to  a 
photodiode  directly  connected  to  an  oscilloscope.  The 
doublet  was  fixed  on  a  x-y-z  micro-positionning  system 
with  a  1  pm  precision.  The  spark  size  diameter  was 
taken  to  be  the  distance  between  the  one  half  intensity 
points.  Each  measurement  was  averaged  over  severe 
himdreds  of  sparks. 

3.  Laser  spark  characteristics  in  water 
a.  Global  spectral  characteristics 

The  focal  point,  where  the  plasma  is  intiated, 
is  dominated  by  an  intense  continuum.  At  a  given  delay 
tp  after  plasma  beginning.  Its  intensity  decreases  when 
the  observation  zone  shifts  parallel  to  the  laser  beam 
towards  the  focusing  lens.  At  the  same  time,  hydrogen 
and  oxygen  emission  lines  (Ha  :  656.2  nm  ;  HP  : 
486.1  nm  ;  OI  :  777.4  nm)  intensities  increase  and 
become  narrower,  which  indicates  a  plasma  electronic 
density  lowering  when  moving  from  the  focal  point  to 
the  incident  laser  pulse.  Hydrogen  and  oxygen  lines  are 
hardly  visible  in  the  focal  point  zone  essentially  for  two 
reasons  ;  first,  concerning  the  OI  at  777.4  nm,  it  is 
located  in  a  low  sensitive  zone  of  the  photodiode  array 
so  that  the  signal  has  to  be  much  more  intense  than 
towards  550  nm  to  be  detected,  whatever  zone  is 
observed.  Secondly,  because  of  the  high  eleeft^fttc 
density,  hydrogen  Balmer  lines  are  very  broad  atHi 
merge  easily  into  the  backgroimd  light. 
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b.  Continuous  radiation 

If  we  suppose  that  no  other  radiative  process 
than  Bremsstrahlung,  as  recombinaison  radation, 
contribute  significantly  to  the  backgroimd  light 
spectrum  before  the  emission  lines  apparition,  i.e. 
during  the  first  40  ns,  it  is  possible  to  estimate  the 
plasma  diameter  d  for  which  the  radiative  energy  loss 
equals  the  radiation  of  a  blackbody  of  the  same 
diameter  and  temperatme  as  the  plasma  during  this 
period.  If  we  suppose  that  the  plasma  shape  is 
cylindrical  [5],  we  can  equal  Bremsstrahlung  and 
Planck  loss  rates  (energy  per  unit  time)  to  obtain  the 
plasma  diameter  d  versus  electronic  density  and 
temperature  (d(m)  =  3.98E32*T"^(°K)/NeV^)). 

Barnes  and  Rieckhoff  [6]  deduced  a  temperature  of 
15.000  °K  at  tp  =  15  ns  adter  plasma  formation  from  the 
black-body-like  spectrum  of  the  continuum.  Using  Ca 
traces  added  to  water,  Cremers  and  al  [5]  measured  a 
temperature  of  11.600  °K  at  tp  =  250  ns,  which  is 
consistent  with  Barnes  and  RieckhoflF  measurements. 
With  the  help  of  hydrogen  Balmer  a  line  Stark 
broadening  (see  paragraph  d),  we  measured  electronic 
densities  equal  to  3.2  X  lO'®  cm‘^  50  ns  after  the  plasma 
beginning.  Then  we  deduce  that,  during  the  first  tens  of 
nanoseconds  after  the  laser  pulse,  d  ~<  320  pm.  Now, 
for  an  incident  laser  pulse  energy  Ei  of  70  ml,  we 
experimentally  measured  the  following  plasma 
diameter  :  (260  ±  10)  pm,  at  tp  =  10  ns  and  (240  ±  10) 
pm  at  tp  =  100,  200  and  300  ns.  Then,  we  can  conclude 
that  the  plasma  spectroscopic  and  spatial  characteristics 
allow  it  to  approach  the  black-body  spectrum  intensity 
before  the  emission  lines  apparition,  i.e.  during  the  first 
40  ns. 

c.  Apparition  times  of  hydrogen  lines 

The  Ha  and  HP  averaged  apparition  times  we 
experimentally  obtained  are  respectively  equal  to  40  ns 
and  100  ns.  The  corresponding  electron  densities  for  Ej 
=  22  mJ  are  :  Ne(tp=40  ns)  =  4.7  X  lO'^  cm'^  and 
Ne(tp=100  ns)  =  5.3  X  lO'®  cm'^.  We  observed  that  when 
laser  energy  is  increased,  these  times  increase,  the  lines 
being  merged  into  the  continuum  longer  and  longer. 
Now,  if  we  consider  the  Inglis  and  Teller  formula  [7,  8] 
that  gives  electron  density  Ne  versus  principal  quantum 
number  Un,  of  the  last  resolved  hydrogen  Balmer  line, 
the  other  lines  with  higher  nn,  being  completely  merged 
into  continuiun,  we  obtain  the  following  theoretical 
electron  density  above  which  emission  lines  must  be 
merged  into  continuum  :  Ne(th)  =  7.6  X  10*®  cm'^ 
(Balmer  a  :  Um  =  3),  and  Ne(th)  =  8.8  X  lO'®  cm"* 
(Balmer  p  :  nn,  =  4).  Considering  that  Inglis  and  Teller 
formula  only  gives  a  coarse  estimation,  these  results  are 
in  rather  good  agreement  with  Ne(tp=40  ns)  and 
Ne(tp=100  ns). 

d.  Emission  lines 

In  underwater  laser  sparks.  Stark  broadening 
due  to  the  high  electron  density  is  the  major  contributor 


to  the  width  of  most  spectral  lines  [3,  4].  Temporal 
evolution  of  electron  densities  at  different  laser  energies 
were  calculated  with  the  use  of  the  Griem  theory  [3,  4]. 
We  used  hydrogen  Balmer  a  emission  line  Stark 
broadening,  assuming  that  Doppler  broadening  is 
negligible  compared  to  Stark  broadening,  hydrogen 
Balmer  p  emission  line  was  too  broadened  and  too 
weak  to  be  analysed.  We  did  not  take  into  account  line 
self-absorption.  According  to  Cremers  and  al  [5],  we 
infered  that  local  thermodynamic  equilibrium  (LTE) 
would  be  established  more  quickly  than  15  to  20  ns  into 
the  plasma  lifetime.  The  very  important  electron 
densities  found,  up  to  4  X  lO'®  cm  *,  support  this 
assumption.  The  electron  density  imcertainties  have 
been  estimated  to  be  +  25%.  The  spatial  zone  studied 
was  1  mm  before  the  focal  point,  and  the  temporal 
resolution  of  the  detection  system  was  10  ns.  Results 
are  shown  in  figure  1. 


Fig.  1  :  electron  density  as  a  function  of  delay  time  in 
underwater  laser  spark  at  two  different  laser  energy  ;  Ei 
=  22  mJ  (+),  and  Ei  =  70  mJ  (o). 

Cremers  and  al.  [5],  using  elements  traces,  measured 
the  following  electron  densities  :  5  X  lO'*  cm*  at 
tp  =  250ns,  2.3  X  lO’*  cm*  at  tp  =  500  ns  and 
9  X  lO”  cm  *  at  tp  =  1  ps.  Considering  that  they  used  a 
NdrYAG  laser  with  45  ml  energy  and  15  ns  pulse 
duration,  their  results  are  in  good  agreement  with  ours. 
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1.  Introduction 

It  was  found  in  laboratory  rf  plasmas  that  negatively 
charged  particles  tend  to  self-organize  in  ordered 
structures  [1,2],  Previously  an  experimental  realization 
of  the  ciystal-like  structures  has  been  already  achieved 
in  similar  non-neutral  systems  of  macroscopic  charged 
particles  and  atomic  ions  in  different  type  of  traps. 

The  thermal  plasma  under  study  is  at  a  low 
temperature,  with  electrons,  ions,  and  gas  all  having 
the  same  temperature.  When  we  introduce  dust 
particles  into  thermal  plasma,  they  will  become  charged 
by  collecting  electrons  and  ions,  as  they  do  in  low- 
pressure  discharges,  but  also  by  emitting  electrons.  The 
latter  process  can  lead  to  a  positive  electric  charge, 
unlike  the  negative  charges  in  low-pressure  discharge 
experiments. 

We  present  here  an  experimental  study  of  the  formation 
of  a  macroscopic  ordered  structure  in  a  weakly  ionized 
thermal  dusty  plasma  under  atmospheric  pressure  and 
temperatures  of  1700-2200  K.  This  is  the  classical 
neutral  and  extended  thermal  plasma  that  is  not 
confined  in  a  trap.  The  plasma  volume  and  the  number 
of  particles  being  investigated  are  about  of  10  cm^  and 
10*,  respectively.  The  effect  of  boundary  conditions  on 
the  plasma  state  may  be  neglected  and,  in  consequence 
of  this,  the  conditions  of  the  structure  formation  are 
close  to  that  in  the  infinite  plasmas. 

2.  Experimental  Setup  and  Procedure 

The  experimental  facility  incorporated  the  plasma 
device  and  the  diagnostic  instrumentation  for  the 
determination  of  particle  and  gas  parameters  [3].  The 
dusty  plasma  device  uses  as  the  basic  plasma  source  a 
two-flame  propane-air  Meeker  burner  with  combustion 
gases  seeded  with  dust  particles.  Two  types  of  the 
weakly  ionized  thermal  plasmas  with  chemically  inert 
dust  have  been  studied  in  our  experiments.  The  basic 
constituents  of  one  type  were  AI2O3  particles,  electrons, 
and  singly  charged  Na^  and  ions,  and  the  other  were 
formed  from  Ce02  particles,  Na"^  ions,  and  electrons. 
We  are  able  to  make  a  number  of  measurements  of 
plasma  parameters  such  as  the  electron  and  ion  number 
densities,  plasma  temperature,  and  the  diameter  and 
number  density  of  the  particles.  Employing  a  laser 
time-of-flight  system,  we  can  compute  the  radial  pair 
correlation  function  g(r)  and  analyze  the  particles 
structure  in  the  plasma  spray.  ; 


3.  Results  and  Discussion 

The  particle  structiue  measurements  were  compared 
with  a  random  particles  distribution  obtained  at  room 
temperature  when  only  air  was  supplied  to  the  burner 
producing  the  aerosol  flow.  This  simulates  a  dusty 
plasma  in  its  “gas  phase”. 

Typical  pair  correlation  functions  g(r)  for  a  spray  of 
Ce02  particles  at  room-temperature  conditions  (TgS300 
K)  and  at  plasma-temperature  conditions  (Tg=2170  K 
and  Tg=1700  K)  are  shown  in  Fig.  1. 


r,  pm 


r,  pm 

Fig.  1.  Pair  correlation  function  g(r)  for  spray  of  Ce02 
particles  (Zp=500):  (a)  at  room  temperature  Tg=300  K 
and  yp=0  (Zp=0);  (b)  at  plasma  temperatme  Tg=2170  K 
and  7p=40  (rs=l);  (c)  at  plasma  temperature  Tg=1700  K 
and  yp=120  (rs=40) 
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The  measured  mean  diameter  of  particles  was  0.8  fxm. 
The  Ce02  particles  were  charged  positively  and  have  of 
about  10^  electron  charges.  It  was  found  that  pair 
correlation  function  computed  at  a  plasma  temperature 
Tg=2170  K  (Fig.  la)  and  munber  density  np=2.0-106 
cm'^  is  very  similar  to  those  observed  at  room 
temperature  (random  gaslike  distribution).  Therefore 
the  plasma  is  weakly  coupled  and  does  not  exhibit  the 
formation  of  ordered  structure.  This  fact  is  also  verified 
by  plasma  diagnostics.  From  our  optical  and  probe 
measurements  we  obtain  that  the  mean  interparticle 
distance  (<r>=50  pm)  is  approximately  four  times  the 
Debye  length  (rD=  14  pm)  and  that  the  Coulomb 
coupling  parameter  yn)  is  about  40.  The  estimated  value 
of  parameter  rs=ZpVexp(-<r>/rD)/<r>kTg  is  about  1. 

Figure  2  shows  the  range  of  He  and  np  where  ordered 
structure  takes  place.  The  theoretical  boundaries  of  the 
OCP  and  Yukawa  model  are  indicated  [4,5]. 


plasma  concentration  (cm  '^) 


Fig.  2.  The  range  of  plasma  density  (n«+ni)  and  particle 
density  np  in  which  an  ordered  structure  is  formed 
when  Zp=500.  The  curves  1  (1’)  and  2  (2’)  correspond 
to  yp=4  (r5=4)  at  Tg=1700  K  and  2200  K,  respectively: 
yp=40  (rs=l)  (o)  and  yp=120  (rs=40)  (A)  for  the  plasma 
with  Ce02  particles 

The  short-range  order  condition  is  satisfied  in  the 
region  above  curves  1  and  2  (OCP  model)  and  curves  1’ 
and  2’  (Yukawa  model).  The  boundary  curves  1  (!’) 
(Tg=1700  K)  and  2  (2’)  (Tg=2200  K)  correspond  to 
yp=4  (rs=4).  The  Yukawa  model  predicts  higher  values 
of  yp  for  the  observed  interparticle  distance  <r>  and  the 
Debye  length  rp.  The  experimental  data  point  (circle) 
lies  between  the  curves  1(2)  and  r(2’)-  The  appropriate 
pair  correlation  function  g(r)  is  shown  in  Fig.  lb.  It  can 
be  seen  that  the  state  of  the  strongly  coupled  plasma  is 
found  with  corresponding  values  of  rs=4  and  yp=160. 
This  value  of  the  coupling  parameter  yp  is 
approximately  40  times  larger  than  the  critical  value 
for  the  OCP  model.  By  this  means  the  experimental 
data  are  in  accordance  with  the  Yukawa  model. 


In  the  case  of  the  lower  plasma  temperature 
(Tg=1700K)  and  particle  number  density  np=5.0-10^ 
cm‘^  Fig.  1(c)  shows  the  pair  correlation  function  g(r), 
in  which  the  distinctive  short-range  order  of  a  liquid 
system  is  apparent.  The  calculated  values  of  yp  and  F^ 
are  about  120  and  40,  respectively.  That  corresponds  to 
a  strongly  coupled  system  of  positively  charged 
particles  and  electrons.  The  particles  form  an  ordered 
structure,  which  is  in  agreement  with  the  diagram  of 
plasma  states  as  shown  by  the  triangle  in  Fig.  2.  The 
corresponding  pair  correlation  function  is  shown  in 
Fig.  1(c). 

Decreasing  the  density  of  Ce02  particles  increases  the 
mean  interparticle  distance  and  causes  a  reduction  in 
the  Coulomb  energy.  The  spatially  ordered  structure  no 
longer  holds,  as  is  seen  in  Fig.  1(b)  for  np=2.0-10®  cm'^. 

The  plasma  with  AI2O3  particles  was  studied  at 
temperatures  in  the  range  Tg=  1900-2200  K.  The  mean 
size  of  particles  was  about  1.5  pm.  Due  of  to  the  larger 
numbers  of  alkali  ions  and  electrons,  the  Debye 
screening  reduces  the  Coulomb  interaction.  For 
example,  taking  Tg=2035  K,  ni=8.610’®  cm'^, 
ne=1.3-10”  cm'^,  and  np=1.0-10®  cm'^  we  obtain  the 
values  re  =  6.5  pm  and  <r>  =  60  pm.  Since  <r>  =  9rD, 
the  particles  are  significantly  shielded  from  each  other 
and  do  not  form  a  space-ordered  structure. 
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1.  Introduction 

It  was  found  in  1994  [1,2]  that  dusty  plasmas  could  be 
made  to  “crystallize”  under  certain  conditions.  These 
conditions  were  realized  in  radio-frequency  discharges. 
A  plasma  crystal  forms  near  the  bottom  electrode  at  the 
boundary  of  the  cathode  sheath.  Dusty  plasma  crystals 
have  some  unique  properties  and  promise  to  be  an 
indispensable  research  tool  both  in  the  investigation  of 
properties  of  strongly  coupled  plasmas  and  in  the 
investigation  of  fundamental  properties  of  crystals. 

Here  we  report  the  results  of  experiments  that  open  up 
the  new  field  of  existence  of  dusty  plasma  ordered 
structures  and  a  new  area  to  the  experimenter.  We  have 
discovered  [3]  the  formation  of  macroscopic  ordered 
structures  of  the  negatively  charged  dust  particles  in  the 
standing  striations  of  a  direct  current  glow  discharge  in 
Ne.  Subsequent  experiments  revealed  several  Interesting 
features  of  these  structures. 

2.  Results  and  discussion 

The  glow  discharge  was  produced  in  a'  cylindrical 
vertically  positioned  glass  tube  with  cold  electrodes. 
The  inner  diameter  of  the  tube  was  3  cm  and  the 
distance  between  electrodes  was  40  cm.  The  discharge 
current  ranged  from  0.1  to  10  mA  and  the  neon  pressure 
ranged  from  o.2  to  2  Torr.  Discharge  regimes  with 
natural  standing  striations  existed  in  this  range.  Micron 
sized  particles  were  injected  from  a  container  located  on 
the  top  of  the  discharge  tube.  Falling  particles  were 
trapped  and  suspended  in  the  striations.  Two  kinds  of 
dust  grains  were  used:  berosilicate  glass  microballoons 
50-63  microns  in  diameter  with  wall  thickness  of  1-5 
microns  (  particle  mass  Mp  is  in  the  range  3  10'*  -8  10’* 
g),  and  alumina  particles  3-5  microns  in  diameter  ( Mp  is 
in  the  range  6  10'"  -  3  10''“  g).  Particles  were  illumi¬ 
nated  by  a  horizontal  or  vertical  sheet  of  Ar  laser  light 
and  imaged  with  a  CCD  video  camera.  Dust  particles 
were  seen  as  a  cloud  levitated  in  the  centre  of  luminous 
part  of  a  striation.  Usually  a  few  clouds  were  observed 
in  adjacent  striations.  The  cloud  diameter  was  in  the 
range  of  5-20  mm.  The  particles  were  organised  in  10- 
20  (for  glass  particles)  and  more  (for  alumina  particles) 
planar  layers.  Distances  between  layers  were  in  the 
range  of  200-400  microns.  Interparticle  distances  in  the 
horizontal  plane  were  250-600  microns. 


Figure  1 

Fig.l  displays  an  example  of  the  structure  observed  in 
the  horizontal  plane  for  alumina  particles  at  p  =  0.3  Torr 
and  discharge  current  la  =  0.4  mA. 


XXni  ICPIG  ( Toulouse,  France )  17  -  22  July  1997 


1-179 


0  500  r,  |im.  1000  isoo 


Figure  2 

Fig.2  shows  pair  correlation  functions  obtained  from 
images  at  discharge  currents  equal  , correspondingly,  to 
0.4;  0.9;  3.9  mA  at  the  above  mentioned  pressure.  It  is 
seen  that  at  Id  =  0.4  mA  there  are  at  least  five  peaks  that 
testifies  an  existence  of  long-range  order  in  yhe  dusty 
plasma.  This  corresponds  to  the  crystalllike  structure.  It 
follows  from  the  correlation  functions  obtained  that  with 
increasing  current  the  long-range  order  is  being 
disturbed.  In  the  case  of  Id=  3.9  mA  only  the  short-range 
order  is  observed.  It  is  noteworthy  that  the  nearest 
neighbour  distance  ap  which  is  equal  to  270  microns  is 
nearly  unchanged  during  the  current  increase  (that  is, 
during  ion  and  electron  density  increase  almost  by  an 
order  of  magnitude)  This  behaviour  is  quite  different  in 
comparison  with  investigations  in  radio  frequency  dusty 
plasma  [4]  where  a  change  of  ion  density  caused  a 
significant  variation  of  ap.  Let’s  make  estimations  of 
plasma  parameters  in  these  experiments.  It  follows  from 
measurements  in  neon  glow  discharges  [5,6]  that  in  the 
case  of  Id  =  0.4  mA  parameters  in  the  striation  head  are 
as  follows;  electron  density  nj  =  10®  cm'®,  electron 
temperature  T^  =  6  10“*  K,  electron  Debye  length  1700  p 
m,  ion  Debye  length  120  pm.  The  particle  charge  can  be 
estimated  from  the  value  of  floating  potential  in  the 
striation  head  [6]  and  from  the  balance  of  gravity  and 
electrical  field  .  For  alumina  particles  we  have  the 
particle  charge  Zp  =  2  10“*.  Taking  this  into  account  we 
obtain  the  Coulomb  coupling  parameter  T  =  10®. 
Assuming  that  the  screening  is  due  to  ions  we  have  with 
an  account  of  screening  rs„  =  10“*.  In  the  case  of  L  =  3.9 
mA:  n^  =  8  10*  cm'®,  electron  Debye  length  600pm;  ion 
Debye  length  40  pm.  Here,  we  obtain  T  =  10®  and  Tjcr 
=10®.  These  estimations  correlate  with  the  behaviour  of 
the  structures  observed. 

Notice  that  for  glass  particles  Zp  is  equal  to  2  10® 
electrons.  So,  for  both  kinds  of  particles  used  in  our 
experiments  the  ratio  of  the  particle  charge  to  its  mass 
has  ~  10*“*  electrons/g.  This  is  almost  one  order  of 
magnitude  greater  than  in  the  case  of  radio  frequency 
discharge  plasmas  . 

Note  one  more  interesting  feature  of  the  dc  glow 
discharge  dusty  plasma.  By  properly  adjusting  the 
plasma  parameters  it  was  possible  in  these  experiments 
to  modify  a  shape  of  the  particle  cloud  from  an 


ellipsoidal  structure  to  the  threadlike  structure  extended 
up  to  60  mm.  The  magnified  fragment  of  such  structure 
observed  for  glass  particles  is  given  as  an  example  in 
Fig.3  (The  bar  is  equal  to  1  mm). 


♦  *  . 
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Figure  3 
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1.  Introduction 

Pure  ion  plasma  is  an  unneutrali2ed  cloud 
consisting  of  some  nximber  of  ions  (up  to  few 
thousands)  confined  by  external  electromagnetic 
fields.  The  thermal  energy  of  such  a  cloud  may  be 
extremly  low,  so  that  the  gaseous  parameter,  that  is, 
the  ratio  of  average  potential  and  kinetic  energies  of 
a  particle,  is  mtich  larger  than  unity. 

Both  physical  and  computer  experiments 
indicate  that  pure  ion  plasmas  at  sufficiently  low 
temperature  exhibit  a  number  of  phase  states 
resembling  crystall  or  smectic  liquid  crystall.  (It 
should  be  noted  that  many  habitual  concepts  like 
temperature  are  rather  conventional  in  application 
to  this  plasma.  Strictly  speaking,  it  is  a 
nonthermod5Tiamic  system.)  In  the  present  paper 
we  focus  on  the  phenomenon  discussed  in  Refs.  1-3. 
It  was  found  that  a  uniform  ion  cloud  tends  to  spUt 
in  a  few  concentric  shells  like  those  shown  in  Fig.  1 . 
Here  we  present  a  simple  theory  describing  some  of 
the  features  of  this  transition. 


2.  Basic  equations 

The  model  we  study  is  just  a  set  of  AT  charged 
particles  placed  in  a  potential  well  without  any 
neutralizing  background.  For  simpUcity,  we 
consider  a  spherically  symmetric  well  with  the 
potential 


ions  obtained  by  computer  minimization  of  the 
total  potential  energy: 

U  =  +  -  (2) 


It  is  cleariy  visible  that  particles  tend  to 
concentrate  near  5  spheric  shells  (the  first  shell 
consists  of  a  single  ion  placed  exactly  at  the  origin). 
The  similar  results  were  obtained  in  Refs.[l-3]  using 
molecular  dynamics  simulations.  This  means  that 
this  structure  is  rather  due  to  the  electrostatics  than 
due  to  the  dynamics. 

Our  main  purpose  is  to  evaluate  the  minimmn 
of  the  total  potential  energy  of  the  particle  set  and 
to  estimate  the  character  of  the  distribution  over  the 
shells.  We  assume  that  the  particles  organize 
themself  in  M  concentric  spheric  shells  of  growing 
radii  R;  {R,  <  R2  <...)  each  containing  Ni  ions 

(i=}..M,  N  =  ).  In  ignoring  the  structure 

and  the  thickness  of  the  shells,  we  treat  each  shell  as 
a  imiformly  charged  thin  spheric  layer  and  find  that 
the  approximation  for  the  total  potential  energy 
(2),  W(Ri,Ni,M),  consists  of  three  parts: 


M 


(=1  L 


+-—Nf 
2R,  ' 


(External  energy) 

(Self  energy  of  the 
i-th  shell)  (3) 

(Energy  of  the  i-th 
shell  in  the  field  of 
all  inner  shells) 


Our  task  here  is  to  find  the  minimum  of  this 
energy  with  respect  to  R,  and  Ni . 

Force  balance  is  determined  by  the  condition 

dWjdR^  =  0  resulting  in  the  expression  for 
equihbiium  radii  of  the  shells: 


mo) 


i-1 


0  V 


J 

J=1  J 


(4) 


/  \  1  1 

¥(f)  =  —(ay  (1) 

2e 

This  potential  well  is  a  reasonable 
approximation  for  the  Penning  trap.  Fig.  1  shows 
the  spatial  distribution  in  polar  coordinates  for  300 


The  next  step  is  to  minimize  the  potential  energy 
(3)  with  R,  given  by  Eq.(4)  with  respect  to  shell 
charges  Ni  at  fixed  N  and  M.  This  yields  rather 
bulky  equations,  which,  however,  may  be  expUcitly 
solved: 
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N.= 


_  VlVi 


N 


'■M 


(5) 


where  A,  form  a  sequence  of  numbers:  Ao=0, 
Ai=I,  A2=2.808,  A3=5.342,  A4=8.554  etc.  For  large 
t  »  1 ,  A,  «  0.602z®^^ ,  where  the  pre-exponent 
factor  is  a  result  of  numeric  adjustment,  while  the 
exponent  (9/5)  is  exact.  This  results  in  the  following 
asymptotic  dq)endence  for  shell  charge  and  radius: 


•4/3 


(6) 


The  results  of  numeric  minimization  of  the 
potential  energy  (2)  for  N  =  4  -i-  330  are  depicted  in 
Fig.  2  and  3.  Evidently,  the  dependences  of  N, 
(Fig.2)  and  Ai(Fig.3)  on  N  correspond  to  anaUtical 
expressions  (6).  However,  the  number  of  runs  we 
performed  is  not  enough  to  determine  the 
dependencies  on  the  shell  number,  i. 


Within  the  approximations  we  have  used,  the 
energy,  W,  does  not  take  any  extremal  values  as  a 
function  of  number  of  shells,  M,  but  was  foxmd  to 
be  a  very  slowly  growing  sequence.  Seemingly,  this 
means  that  in  order  to  pick  the  optimal  value  of  M 
one  should  take  into  accoimt  the  inuner  structiue  of 
the  shells.  However,  we  can  estimate  their  number 
in  a  following  manner.  Computer  runs  show  that 
with  the  growing  number  of  particles,  N,  the 
number  of  shells  also  grows.  Since  the  smallest  shell 
have  to  contain  at  least  one  particle,  we  must 
impose  the  constram  Aj  >  1 ,  that  is,  the  munber 

of  shells  is  estimated  as  A/  oc  . 
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Hiysical  processes  in  dusty  plasmas  are  studied 
intensively  because  of  their  importance  for  a  number 
of  applications  in  various  technologies  (plasma 
etching,  plasma  deposition,  etc).  The  particles  of  dust 
created  in  the  plasma  volume  by  gas  polymerisation 
or  by  plasma  -  surface  interaction  can  change 
plasma  features  and  therefore  technology  processes. 
On  the  other  hand,  studying  the  abihty  of 
microparticles  to  form  the  soUd  phase  structure 
(Coulomb  crystal)  may  contribute  not  only  to  the 
plasma  physics  and  chemistry,  but  also  the  solid  state 
physics.  A  number  of  theoretical  and  experimental 
efforts  were  focused  on  investigation  of  plasma 
electrodynamics  with  microparticles,  the  role  of 
negative  ions  in  nucleation  of  critically  large  clusters 
and  particle  growth  [1-3]. 

One  of  the  main  problems  in  plasma  with 
microparticles  is  their  influence  on  electron 
distribution  function. 

The  influence  of  microparticles  on  the 
electron  energy  distribution  function  (EEDF)  in  the 
electropositive  gas  is  considered  in  the  report.  The 
research  is  based  on  solving  the  Boltzman  equation 
in  the  two-term  approximation  (TTA)  [4].  The  Debye 
radius  is  supposed  to  be  less  than  the  distance 
between  microparticles.  Microparticles  can  be 
considered  as  volume  drains  for  positive  qnd  negative 
charges.  The  positive  charge  flux  to  microparticles 
related  to  their  drift  was  considered  in  the 
assumption  of  their  Maxwellian  velocity  distribution. 
The  flux  of  electrons  to  microparticles  (depending  on 
electron  energy)  was  determined  in  assumption  of 
Coulomb  potential  of  microparticles  (with  charge  Za). 
The  cross  section  of  this  process  was  written  as 
follows:  aj"  =  •n7rrd^(l-e^  k/  (ras*)),  where  ra  is  the 
radius  of  a  microparticle,  s,  -  electron  energy,  q  -  the 
probability  of  electron  attachment  to  microparticle.  The 
stationary  EEDF  corresponds  to  the  distribution  of 
microparticles  with  respect  to  charges,  in  which  the 
fluxes  of  electrons  and  ions  on  microparticles  are 
equal  one  to  another. 

In  the  common  case,  the  stationary  EEDF  in 
a  given  gas  is  determined  by  large  number  of 
parameters,  such  as  gas  density  N,  the  reduced 
electrical  field  E/N,  density  of  electrons  n«  different 
types  of  ions  n;’,  density  of  microparticles  na  and 
their  size  distribution.  Even  if  we  limit  ourselves  to 
microparticles  of  only  one  size  ra,  the  number  of  the 
parameters  appears  to  be  unreasonably  large. 

The  number  of  the  parameters  may  be 
considerably  reduced,  assuming  that  all  the 
microparticles  in  plasma  have  the  same  average 
charge  za.  In  this  case,  the  EEDF  determined  from 


the  Boltzman  equation  solution  in  TTA  depends  only 
on  three  parameters:  E/N,  potential  of  the 
microparticle  cp  =  eza/ra  and  the  reduced 
microparticle  surface 

Sa=  q  Wa^Na/N.  Therefore,  it  is  possible  to  solve  this 
problem  even  on  PC  AT.  Parameter  <p  can  be 
determined  from  the  continuity  equations  for 
electrons  ,  ions  and  microparticles  taking  into  account 
the  losses  of  electrons  and  ions  on  microparticles.  In 
the  case  of  homogeneous  quasineutral  plasma,  these 
equations  are  reduced  to  the  following: 
dhe/dt  =  neN<CTv>ion  -  nena<crv>“e«> ,  (1) 

(toi/dt  =  neN<CTV>ioc  -  nina<crv>'e8e ,  (2) 

Za=(ni-ne)/na.  (3) 

The  ionization  rate  constant  <c7v>ion  and  the  attachment 
rate  constant  of  electrons  to  microparticle  <<Tv>'e8<;were 
taken  from  the  results  of  the  EEDF  calculations, 
attachment  rate  constant  of  ions  to  microparticle 
<<Tv>’e«„  supposing  that  their  Maxwelhan  velocity 
distribution  may  be  written  as  follows: 
w/ (Ti/(27tmi))*'^(l+e^k/(rdTi)),  vshere  Tjandmi  are 
the  temperature  and  mass  of  the  ion. 

To  close  this  equation  set,  an  additional 
condition,  for  example,  the  constancy  of  the  current 
density,  is  necessary.  These  equations  are  integrated 
numerically  until  a  steady-state  regime  is  reached.  As  a 
result,  the  values  of  ion  and  electron  density,  the 
reduced  electrical  field  and  average  charge  of  a 
microparticle  may  be  determined. 

The  dependences  of  the  EEDF  on  the 
electron  energy  e  and  microparticle  potential  cp  in 
plasma  of  hehum  at  E/N  =  30  Td  are  shown  on  Fig.  1 


30^2 

Fig.1  EHff  Sj  =  10"*’  cm?  and  BN  =30  Td  in  dependoic 

of  nicropailicle  potential  and  electron  energy. 
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F^l  dependence  on  microparticle  potential 

and  reduced  electric  field  at  =  10*^^  cm^ 


for  Sd  =  10-*’  cm*.  As  it  is  seen  from  the  figure,  the 
EEDF  significantly  varies  with  <p.  The  fiux  of  high 
energy  electrons  on  microparticle  significantly 
decreases  this  part  of  the  EEDF  at  low  (p.  It  is  more 
evident  for  the  processes  that  depend  on  a  high 
energy  part  of  the  EEDF,  for  example,  for  ionization. 
In  Fig.  2,  the  dependence  of  the  ionization  coefficient 
on  (p  and  E/N  is  shown  for  Sd  =  10-*’  cm*.  It  is  worth 
noting  that  this  dependence  is  not  monotonous.  The 
ionization  rate  constant  has  a  minimum  at  a  medium 
value  of  (p.  Such  a  behaviour  is  explained  as  follows. 
For  large  rp,  the  electron  flux  on  microparticles  is 
absent  and  the  ionization  rate  constant  reaches  its 
maximum  value.  The  decrease  of  (p  results  in  reaching 
the  microparticles  by  the  high  energy  electrons.  As  a 
result,  the  high  energy  part  of  the  EEDF  decreases 
and  the  ionization  rate  constant  falls.  Further 
downturn  of  (presuits  in  losses  on  microparticles  of 
the  low  energy  electrons,  \riuch  are  unable  to  ionize 
gas.  Owing  to  the  EEDF  normalization,  it  is 
equivalent  to  the  increase  of  the  high  energy  part  of 
the  EEDF  and  some  increase  in  the  ionization  rate 
constant. 

The  EEDF  is  calculated  in  the  assumption  of 
equal  charges  of  all  the  microparticles.  Nevertheless,  it 
allows  one  to  determine  the  distribution  of 
microparticles  on  charges  F(z)  in  the  case  of  weak 
EEDF  dependence  of  cp.  In  fret,  considering  only 
integer  z,  we  can  determine  the  frequencies  of 
electron  losses  of  on  microparticles  with  different 
charges,  Ve*.  The  frequencies  of  losses  of  positive  ions 
on  microparticles  of  different  charges  Vi^  may  be 
determined  in  the  assumption  of  their  Maxwellian 
velocity  distribution  [5].  The  frequencies  obtained 
allow  us  to  determine  F(z)  from  the  stationary  balance 
equation;  F(2H-1)  =  F(z)  *  v/  with  normalization 


condition  SF(z)  =  1.  Fig.  3  shows  F(z)  distributions  for 
the  ion  temperatme  Ti  =  0.1  eV  and  E/N  =  10  Td. 
For  comparison,  we  have  also  plotted  the  F(z) 
calculated  in  the  assumption  of  the  Maxwellian 
distribution  for  electrons.  The  electron  temperature 
needed  for  these  calculations  was  calculated  using  the 
EEDF  for  given  E/N  and  cp. 

Fig.  3  shows  that  the  results  (rf  F(z)  calculation 
have  practically  the  same  behavior  for  different  EEDF. 
As  was  expected,  deviation  of  the  EEDF  sh^e  from 
the  MaxweUian  one  results  in  a  small  reduction  of 
average  charge  of  a  microparticle.  It  is  possible  that  in 
molecular  gases  (for  example,  N2),  or  in  the  region  of 
strong  (p,  the  dependence  on  the  EEDF  and  the 
deviation  of  F(z)  shape  from  the  MaxweUian  one  will 
be  more  pronounced. 
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1.  Introduction 

A  presence  of  the  disperse  phase  in  ionized  gas  may 
considerably  influence  on  its  optical  properties, 
electrical  conduction,  processes  of  radiative  heat 
transfer  and  proceeding  of  the  chemical  reactions.  The 
development  of  techniques  for  non-intrusive 
determining  the  particle  sizes  and  optical  constants 
provides  a  means  for  studying  different  physical 
processes  in  the  dusty  plasma.  As  an  example  the 
complex  refractive  index  of  particles  contains 
information  regarding  their  physical  properties  such  as 
chemical  composition,  temperature,  state  of 
aggregation  of  matter,  type  of  conduction.  The  primary 
difficulty  associated  with  diagnostic  optical  methods  is 
inverting  the  measurements  for  particle  size  and  optical 
constants  simultaneously.  The  analytical  techniques  for 
solving  inverse  problems  usually  do  not  posses  a  unique 
solution.  Because  of  this,  most  diagnostic  methods 
require  the  use  of  a  priori  information  regarding  the 
size  distribution  or  optical  constants  of  particles. 

The  purpose  of  this  work  was  to  develop  a  practicable 
technique  for  spectral  diagnostics  of  particle  in  dusty 
plasma  flows.  Here  we  present  two  optical  methods 
developed  for  determining  the  particle  temperature, 
mean  size,  concentration  and  complex  refractive  index. 
The  complex  use  of  these  methods  does  not  requires  a 
priori  knowledge  of  the  particle  sizes,  complex 
refraetive  index  or  its  spectral  dependence.  One  of  the 
methods  is  based  on  measurements  of  forward 
scattering  transmittance  (FST)  at  the  different  aperture 
angle  of  detector.  This  method  has  been  successfully 
used  to  retrieve  the  particle  mean  size,  concentration 
and  real  refractive  index  of  the  polydispersions  in  the 
dusty  plasma  [1]. 

In  this  work  we  consider  the  particles  which  are 
optically  non-grey  at  the  measurement  wavelengths. 
The  temperature  of  these  particles  is  measured  by  the 
spectroscopic  method  involving  the  approximate 
relationships  for  the  spectral  dependencies  of  the 
single  scattering  albedo  [2].  The  temperature  Tp  of  the 
particles  is  measured  by  the  spectroscopic  method.  The 
method  is  based  on  solving  a  system  of  radiative 
transfer  equations  for  light  intensity  measurements  at 
several  wavelengths  X,  [2]: 

I(X)=s(X)B(Tp,  X)  (1) 


Here,  I(X)  is  the  radiation  intensity,  B(Tp,  X)  is  the 
Planck  blackbody  function,  B(X)  is  the  emissive  ability 
of  the  particles  suspended  in  a  plasma.  This  method 
was  advanced,  owing  to  the  developed  technique  for 
inverting  the  measurements.  We  propose  a  novel 
spectroscopie  method  for  determination  of  the  particle 
Sauter  mean  size  and  image  part  of  the  refraetive 
index. 

2.Theory 

We  concentrate  on  the  empirical  inversion  of  spectral 
measurements  here.  Empirical  inversion  techniques  are 
based  on  computer  simulations  of  the  scattering  or 
extinction  processes.  Then,  the  particle  parameters  can 
be  obtained  by  minimizing  a  mean-squares  error 
between  measured  and  caleulated  data.  Calculations  are 
performed  by  using  the  Mie  theory  here.  The  inversion 
technique  for  determining  the  particle  Sauter  mean  size 
D32  and  image  part  k  of  the  refractive  index  is  based  on 
the  measurements  of  a  single  scattering  albedo  a  for 
weakly  absorbed  particles  (A:<0.1).  The  spectral 
distribution  of  the  albedo  co(X)  is  uniquely  determined 
by  the  particle  sizes  under  the  assumption  that  the 
particle  refractive  index  is  independent  of  measurement 
wavelengths.  The  values  of  the  single  scattering  albedo 
at  one  of  measurement  wavelengths  contains 
information  on  the  image  part  of  the  particle  refractive 
index.  Therefore,  with  a  knowledge  of  the  particle  sizes 
and  real  refractive  index,  the  spectral  dependence  of  k 
can  be  easy  measured.  Dependencies  of  the  single¬ 
scattering  albedo  co(X)  on  the  particle  Sauter  mean 
diameter  D32  and  the  image  part  k  of  the  particle 
reflective  index  are  shown  in  Figs.la,b  for  the 
Gaussian  distribution  with  the  standard  deviation 
8=25%. 


a) 
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b) 

Fig.l  Dependencies  of  the  single-scattering  albedo  © 
on  the  particle  Sauter  mean  diameter  D32  (a)  and  the 
image  refractive  index  k  (b)  for  tire  Gaussian 
distribution  with  the  standard  deviation  5=25%: 

a)  /«=  1.7-0.01/,  1-X=0.5p,m,  2-^=lpm; 

b)  «=1.7,  A,=  lpm,  1-D32=0.5pm,  2-D32=l  pm. 

The  values  of  the  single  scattering  albedo  can  be 
obtained  from  the  emissive  ability  e(X)  of  the  dusty 
plasma.  Assuming  that  multiple  in-scattering  is 
negligible  yields  [2] 

s(^)=(l-©(X))  (l-exp{-T(X)})  (2) 

where  t(X,)  is  the  optical  depth  of  the  suspended 
particles.  Thus  the  measurements  of  the  particle 
temperature  and  optical  depth  provide  a  means  for 
determining  the  ©(X,)  values  from  Eqs.  1-2. 

3.  Experiment 

The  polydispersions  of  weekly  absorbing  particles  of 
Ce02,  and  ash  in  the  flow  of  the  propane-air  flame 
combustion  products  were  measured  at  the  spectral 
range  from  0.5  to  1.2  pm.  The  particle  temperature  was 
varied  from  1800  to  2250  K  The  particles  were 
introduced  in  the  inner  flame  of  the  Mekker  combustor. 
The  optical  instrument  consists  of  two  parts:  the  FST 
channel  and  the  spectroscopic  channel.  The  particle 
temperature  (Tp),  complex  refractive  index  {m=n-\k) 
and  mean  diameter  (D32)  are  obtained.  The  results  of 
measurements  are  given  in  Table  1. 


Table  1.  The  results  of  measurements  for  the  particles 
of  ash  and  Ce02 . 


particles 

Tp,K 

Di, 

pm 

D2, 

pm 

*,10-^ 

n 

ash 

1927 

1.73 

1.78 

0.88 

1.68 

2086 

1.57 

1.60 

1.05 

1.68 

Ce02 

2025 

1.23 

1.26 

1.76 

2.05 

2227 

1.17 

1.20 

1.98 

1.98 

transmittance  method.  The  obtained  values  of  particle 
Sauter  mean  diameter  are  in  close  agreement.  The  use 
of  the  FST  technique  also  provides  a  means  for 
estimating  the  dispersion  of  particle  sizes.  The  ratio 
P=D32/Dio,  where  Dio  is  the  particle  mean  diameter,  for 
the  ash  particle  is  about  1.08.  For  the  model  Gaussian 
distribution,  this  value  of  m  corresponds  the  standard 
deviation  5G=20-25%.  The  p  value  for  the  Ce02 
particles  is  about  1.02  (5G=12-15%).  Thus,  the 
measured  particle  size  distributions  are  the  narrow 
functions.  The  real  part  of  the  particle  refractive  index 
is  measured  by  the  FST  technique.  The  image  part  of 
the  particle  refractive  index  is  determined  by  the  novel 
spectroscopic  method.  A  dispersion  of  the  particle 
refractive  index  is  not  foimded.  The  obtained  values  of 
complex  refractive  index  for  the  ash  particles  are  in 
good  agreement  with  the  data  [3]. 

4.  Summary 

A  simple  method  for  determining  the  particle  mean 
size,  and  the  image  part  of  the  refractive  index  of 
weakly  absorbing  particles  in  a  dusty  plasma  flows  is 
proposed.  A  schematic  of  the  instrument  realized  the 
complex  of  optical  methods  for  determining  the  particle 
temperature,  mean  size,  concentration  and  complex 
refractive  index  is  presents.  The  complex  use  of  the 
presented  optical  methods  does  not  requires  a 
knowledge  of  the  particle  mean  size,  complex  refractive 
index  and  its  spectral  dependence.  The  developed 
methods  have  been  successfully  used  in  the  dusty 
plasma  flows  for  determining  the  particle  temperature, 
mean  size,  concentration,  complex  refractive  index  and 
radiative  properties  (the  emissive  ability,  the  single¬ 
scattering  albedo).  The  measurements  have  been  made 
for  the  particles  with  the  different  sizes  and  refractive 
indices.  The  complex  refractive  index  of  Ce02  particles 
for  high  temperatmes  was  obtained  first. 
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1.  Introduction 

We  consider  the  creation  of  a  high  power  density 
matter  (HPDM)  configured  in  a  low  pressure  discharge. 
Our  prime  goal  is  to  proAice  and  study  a  "dusty"  -  like 
plasma  followed  by  an  intense  energy  deposition  into 
this  medium.  The  anomalous  absorbing  (stopping) 
power  phenomena  related  provide  to  use  this  media  as  a 
working  one  for  high  power  sources  of  radiation 
including  hard  x-ray.  We  present  below  the  basic 
physics  used  to  create  HPDM.  This  is  followed  by  a 
brief  description  of  the  experiments  related  and  results 
obtained  on  hard  x-ray  generation. 

The  never-ending  and  exciting  physics  of  pulse 
electrical  discharges  in  vacuum  and  at  low  pressure 
have  allowed  to  study  even  dense  plasma  phenomena 
like  cathode  micro  drops  and  hot  spots  [1-3].  The 
occurrence  and  physics  of  anode  spots  are  less 
investigated  [2,4].  Theoiy  is  led  by  experiment  here, 
and  the  summing  up  both  the  knowledge  available  for 
particular  processes  in  discharges  and  hot  dense  matter 
physics  itself  allows  hopefully  to  formulate  the  set  of 
conditions  for  getting  a  new  quality,  in  particular,  for 
the  possible  simple  ways  of  HPDM  production. 

2.  Basic  remarks. 

We  are  looking  for  to  realize  few  cumulative  (or 
high  local  power  density)  effects  for  our  aim:  to  collect 
HPDM  originated  ft^om  clusters  or  dust  grains  in  the 
inter  electrode  space  [5].  As  a  reference  system  we 
consider  the  hollow  cathc^  ns  discharge  scheme  at  low 
air  pressure  [4]  which  have  been  modified  reasonably. 

First,  a  well  known  fact  is  that  the  initial 
electronic  beams  issued  fi’om  hollow  cathode  are 
converging  at  a  near-axis  area.  This  feature  together 
with  a  variation  of  the  cathode  -  anode  distance  is  a 
way  to  get  a  maximiun  current  density  jn^x  at  the  axis 
for  particular  electrode  configuration. 

Second,  the  choice  of  the  anode  configiuation 
itself  may  essentially  increase  the  efficiency  of  its 
heating  by  pre-breakdown  electron  beams.  In  feet,  the 
anode  power  density  related  may  be  higher  than  known 
values  10  W/cm^,  being  effectively  close  up  to  laser 
action  of  lO”"'®  W/cm^  [1,2].  For  example,  it  can  be 
realized  as  a  result  of  “scanning”  of  ring-like  anode 
sharp  edge  by  avalanche  beams  with  high  power 
density  delivered  on  a  small  surface  (Wa  ~10’'*  J/cm^). 
Additionally,  the  special  choice  of  the  anode  geometry 
may  provide  the  focusing  of  ejqjlosive  evaporated 
matter  on  the  axis  during  their  e?q}ansion  into  vacuum 


(its  cooling  associated  partially  with  the  adiabatic  one). 
The  ejqsansion  process  of  the  anode  flare  and 
oversaturation  of  concentrated  anode  vapours  on  the 
axis  is  accompanied  by  the  compact  collecting  of 
clusters,  nucleated  microdrops,  accelerated 
microparticles,  etc.  at  the  fixed  place  beyond  the 
electrodes.  The  degree  of  condensation  is  estimated  as 
high  as  0.2  -  0.5  [1].  The  analysis  of  the  experiments 
shows  that  the  dust  grain  (cluster,  microparticles)  size 
may  typically  vary  from  0.01  to  1  tim  under  certain 
conditions  [2,6].  Thus,  an  unique  combination 
configured  of  both  solid  density  and  gas-plasma 
“target”  medium  may  be  “prepared”  behind  of  anode 
flare  front  directly  before  breakdown. 

Just  after,  the  further  anomalous  deposition  of 
external  energy  into  this  condensed  phase  obtained  in 
vacuum  (beams-clusters  interactions  and  their  ns 
heating  ty  postbreakdown  current),  may  provide  a 
large  munber  of  well-collected  micro  plasmas  with 
extreme  temperatures  and  densities  inside  of  each  ones 
(mult-keV  electrons,  n<.  ~10^'^^'  cm'^).  In  fact.  Joule 
heating  j^mw/cTnun  under  anomalous  low  conductivity 
<7imi  »  C0pe/47t  [7]  (®pe  is  the  plasma  fi-equency)  due  to 
ctnrent-  and  beams-driven  instabilities  have  to  allow 
the  very  effective  energy  deposition  (up  to  lO^"®  J/cm^ 
):  the  plasma  spot  conductivity  aiim  (T)  will  decrease  at 
any  stages  of  the  hydrocfynamic  ejq«nsion  (Toqand  ^ 
Ins),  supporting  the  overheating  of  dense  plasma. 
Correspondingly,  the  process  of  destruction  of  dusty 
grains  ly  high  density  currents  (~10*-10®A/cm^)  have 
to  be  accompanied  by  x-ray  radiation  during  expansion, 
cooling  and  recombination  of  the  dense  hot 
microplasmas  created  (see’figures  1-3  below). 

Note  that  the  x-ray  production  and  the  energetics 
related  is  of  similar  origin  as  that  due  to  the  volume 
irradiation  of  clusters  by  intense  laser  pulses  [8],  but 
differ  of  high  current  z-pinches.  The  role  of  intracluster 
processes,  inner-shell  excitations  and  anomalous  x-ray 
emission  under  direct  e  and  i  beams  deposition  have  to 
be  discussed  also  [9],  as  well  as  some  elements  of  other 
cluster  ionization  mechanism  models  [10]. 

3.  Experiment 

The  application  of  the  general  scheme  described 
above  is  performed  using  a  hollow  cathode,  a 
cylindrical  anode  and  a  low  inductance  ns  discharge  at 
low  pressure  (10"®- 10’^  mbar).  The  electrode  typical 
diameter  is  5  mm.  A  Marx  generator  provides  a  70  kV, 
50  ns,  Inax  »  1  kA  pulse  and  a  stored  energy  of  1  J 
[4,5].  The  spatial  distribution  of  the  emitting  hot  spots 
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has  been  determined  using  a  sensitive  imaging  device 
and  a  rapid  scintillator.  The  e)qx)sure  time  may  be  as 
short  as  5  ns.  During  a  single  pulse,  when  the  voltage 
is  applied,  the  “dusty"  anode  matter  is  first  created  and 
focused  in  the  interelectrode  space.  After  breakdown, 
this  dusty  plasma-like  medium  is  transformed  into 
HPDM  (on  the  background  of  rather  dilute  post 
breakdown  plasma).  The  radiation  with  wavelength 
>,<0.1  mn  of  this  HPDM  is  registered  during  10  to  40 
ns,  through  appropriate  attenuators.  It  may  have  the 
shape  of  a  1  to  4  mm  diameter  "ball"  (figures  1-3)  of 
collected  micro  plasma  hot  spots.  To  illustrate,  figure  1 
shows  an  example  of  initial  stage,  figure  2  the 
maximum  of  hard  x-ray  intensity  (which  correspond  to 
current  maximum)  and  figure  3  represents  the  end  of 
the  x-ray  "ball"  emission  (intensities  are  inverted). 

The  shape  and  space  structure  of  the  "ball",  its 
duration,  the  intensities,  the  microplasma  parameters, 
the  microstructure  of  anode  surface  after  few  hundreds 
shots,  etc.  have  been  studied  and  will  be  presented. 


Fig.  1  Hard  x-ray  fi-om  anode  hot  spots  collected 


Fig.2.  Radiative  maximum  (hard  x-ray  “ball”) 


4.  Concluding  remarks 

Thus,  absorbing  (stopping)  power  of  media  of 
dust  grains  (clusters)  with  very  small  volumes  and  near 
solid  densities  is  essentially  higher  compared  to  both 


K*; 


Fig.  3.  Recombination  of  the  rest  of  “l«ll”  formation. 

plasma  (gas)  and  solid  sample  targets,  i.e.  looks  more 
optimal  for  HPDM  production.  A  relatively  small 
andcheap  low  energy  .device  provides  the  well 
reproducible  generation  of  high  power  density  matter 
configured  (with  energy  densities  up  to  ~10^'*  J/cm^). 

This  result  is  similar  to  high-intensity  laser  (lO'^  '* 
W/cm^)  focusing  on  clusters  [8-10],  but  the  way  used 
here  seems  as  a  more  effective  and  simple.  ( In  terms  of 
[4],  fig.2  view  looks  as  the  “anode  ectons"  collection). 
HPDM  obtained  may  play  the  role  of  working  media 
both  for  technologies  and  basic  studies  (electronics,  x- 
ray  lasers,  energy  conversion,  astrophysical 
simulations,  etc.).  In  particular,  this  compart  tk)le-top 
design,  flexibility,with  a  sufficient  photon  munber  at 
efficiencies  about  0. 1-0.3%  (with  power  ~10*-10®  W) 
looks  promising  for  special  types  of  hard  x-ray  sources 
(for  example,  the  x-ray  images  of  living  organisms  may 
be  captured  before  any  absorption  kinetics  can  happen). 
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1.  Introduction 

A  goal-oriented  ejqjeriment  to  the  quest  and  research 
for  specific  manifestation  of  interparticle  interactions  in 
optical  spectra  of  non-ideal  hydrogen  plasma  has  been 
realized.  The  absorption  spectra  in  Balmer  region 
(250-750  nm)  have  been  studied  in  two  conditions 
characterized  Ity  temperatiu^s  18000  K  and  23000  K 
and  densities  6.6x10**  cm'^  and  1.6xl0'®  cm^ 
respectively.  Spectral  distribution  of  plasma  absorption 
coefficient  turned  out  different  of  principle  in  these  two 
cases.  In  the  first  case  the  absorption  spectrum  of 
plasma  answered  the  conception  [1],  conventional  for 
weakly  non-ideal  plasma,  according  to  which  a 
disappearance  of  spectral  series  highest  members  is 
totally  com[)ensated  by  continuum  enlargement  in  the 
same  spectral  region.  In  the  second  case  we  observed 
the  pronounced  “clearing-up”  effect  predicted  [2], 
when  this  compensation  does  not  happen,  and  the 
plasma  absorpition  in  a  disappjearing  lines  region  is 
substantially  lower  than  expeaed  one  (on  the  basis  of 
unpjerturbed  density  of  oscillator  strengths  [1]).  The 
effect  observed  may  be  caused  by  collective  modes  and 
plasma  microfiel^  action  on  atoms  imder  strong 
Coulomb  correlations  between  free  charges  in  a  dense 
plasma  (Section  4  and  refs  therein). 

2.  Experiment 

Plasma  “clearing-up”  was  revealed  previously  in  air 
and  noble  gases  [3],  but  all  attempts  to  get  this  in 
hydrogen  plasma  suffered  a  reverse  [4].  A  main 
problem  was  a  creation  of  the  pure  hydrogen  plasma 
with  high  electron  density  and  well-diagnosed 
psarameters.  In  this  work  we  succeed  in  getting  it  due  to 
use  of  spjecially  constructed  plasma  source  based  on  a 
pulse  discharge  in  closed  quartz  capillary  [5].  The 
plasma  obtained  by  this  discharge  is  quasi-stationary 
and  fairly  volume.  To  avoid  the  wall  ablation  we  reduce 
pjulse  duration  to  3  pis.  Capillaries  of  square  cross 
section  of  1x1  mm^  and  a  length  of  10  mm  are  used  in 
experiment.  Small  transversal  size  of  the  capillary 
pM-ovides  the  optical  plasma  transparency  sufficient  for 
direct  transmission  measiu-ements  in  visible  spectral 
region.  All  optical  measurements  are  made  at  the 
temperature  pulse  maximum  with  time  resolution  of 
0.3  pis.  Spectra  are  recorded  ly  optical  multichannel 
analyzer  coupled  with  a  spectrograph  giving  a  spectral 
resolution  of  0.6  nm. 

Plasma  temperature  T  is  evaluated  from 


independent  measurements  of  brightness  and 
transpiarency  4=exp)(-fex/)  at  wavelength  X= 632.8  nm 
corresponding  to  the  generation  line  of  He-Ne  laser. 
Transversal  profiles  of  bx  and  4  (with  spjatial  resolution 
of  0. 1  mm)  are  used  to  obtain  the  temperature  profile. 
The  temperature  is  fairly  homogeneous  within  hot  near 
axis  zone  having  a  width  of  /eef=0.75±0.05  mm.  The 
radial  distribution  of  plasma  neutral  density  N  is  found 
from  the  temperature  profile  and  from  the  conditions 
[5]  for  invariance  of  the  mass  and  the  constancy  of  the 
pressure  over  ctoss  section.  The  electron  concentration 
Ne  in  the  hot  zone  of  discharge  is  calculated  from  Saha 
equation  at  the  known  T  and  N.  The  relative  error  in 
the  definition  of  plasma  tempjerature  is  estimated  as 
3  %,  of  density  and  electron  concentrations  around  6%. 

3.  Method  of  calculations 

To  clarify  the  p»ssible  density  effects  we  have  to 
compare  the  measured  absorption  with  the  calculation 
based  on  consequent  weakly  non-ideal  plasma 
conception.  In  the  sprectral  range  investigated  the  main 
contribution  to  the  emission  (absorption)  comes  from 
the  Balmer  spjectnun.  The  line  intensities  are  calculated 
taking  into  accoimt  the  dissolution  due  to  destruction  of 
the  bound  states  under  the  influence  of  the  quasi-static 
plasma  microfields.  The  probabihty  W  that  fire  state  is 
still  bound,  is  defined  as  the  integral  of  the  quasi-static 
microfield  distribution  fimction  from  zero  to  the  critical 
value  of  the  field  for  which  the  state  is  found  at  the 
top  of  the  pxjtential  barrier  formed  the  interaction  of 
the  ionic  microfield  with  the  atomic  core  Coulomb 
field.  If  the  microfield  is  assumed  as  uniform  on  the 
atomic  scale,  then  for  the  state  with  the  ionization 
energy  E  in  the  case  of  isolated  atom,  we  have 
/v=£’^/4e*.  In  the  calculation  we  use  the  Hooprer’s 
distributions  for  a  neutral  pwint  [6].  Profiles  of  Ha.  and 
J/p  are  calculated  according  to  [7],  while  the  following 
Balmer  lines  are  almost  completely  dissolved  and  their 
profiles  are  not  iinpxrrtant. 

The  Balmer  photoionization  cross  sections  are 
calculated  from  the  exact  quantum  mechanical 
equations  [8].  Other  photoionization  and  inverse 
bremsstrahlung  cross  sections  are  calculated  in  the 
Kramers  apjproximation  with  the  corresponding  Gaunt 
factors  from  [9]  and  [10],  respectively.  The  Balmer 
photoionization  cross  section  is  continu^  over  the  long 
wavelength  threshold  with  the  factor  1  - 
assuming  that  the  total  (lines  +  continuum)  density  of 
oscillator  strengths  is  conserved  (the  loss  in  the  line 
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oscillator  strengths  is  compensated  the  continuum 
extension). 

4.  Results  and  discussion 

As  an  example,  spectral  emission  intensity 
measured  in  the  case  of  higher  temperature  and  density 
is  presented  in  Fig.  1 curve  1.  T^e  optical  thickness 
here  is  closed  to  1  and  more  than  1  in  the  region  of  Ha,. 
Curve  2  shows  the  intensity  under  the  assumption  that 
the  plasma  is  optically  thin  (i.e.  all  the  radiation  goes 
away  from  the  capillary). 


Fig.l.  Emission  from  the  short  pulse  discharge. 

Absorption  spectra,  obtained  from  plasma  emission 
spectra  by  Kirchhoff-Planck  equation,  are  presented  in 
the  Figs.  2  and  3  in  comparison  with  calculations.  The 
relative  e>q)erimental  error  is  about  of  7%.  For  highest 
density  (Fig.  3)  we  present  two  experimental  curves  for 
different  (hscharges  under  the  same  conditions  (for 
curve  2  smoothing  is  applied).  Analysis  of  the  results 
obtained  shows  that  deviation  of  experimental 
absorption  from  calculated  one  starts  for  hydrogen 
plasma  at  n*  «  lO'®  cm'^. 

This  density  effect  in  opacity  of  pure  dense 
hydrogen  plasma  can  be  interpreted  as  the 
manifestation  of  essential  perturbation  of  density  of 
oscillator  strengths  in  comparison  with  isolated  atom 
picture.  It  is  characterized  ^  relative  “clearing-up”  of 
hydrogen  plasma  spectra  as  the  density  grows.  Note, 
that  the  data  presented  in  Fig.  3  correspond  to  maximal 
value  of  Ne  achieved  up  to  now  [4,  11].  The  effert 
observed  now  at  first  for  hydrogen  reliably  has  been 
discussed  during  last  two  decades  as  well  as  the 
“transparency  windows”  for  plasmas  of  complex 
elements  [2,4,11].  Obviously,  this  phenomenon 
registered  (redistribution  of  absorption  along  the 
spectrum)  for  hydrogen  even  imder  rather  moderate 
plasma  density  may  provide  the  new  stage  for  true 
description  of  radiative  opacities  and  energy  transport 
in  laboratory  and  astrophysical  dense(coupled)  plasmas. 

This  work  is  supported  by  a  contract  of  the  ‘Club 
Arc  Electrique’  of  the  Electricite  de  France,  1^  NATO 
Linkage  Grant  HTECH.LG  960803,'  PECO  CEI 
program  and  RFBR  Grant  94-02-05464. 


Wavelength,  nm 

Fig.  2.  Absorption  coefficient  (lower  density). 
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Fig.  3.  Absorption  coefficient  (higher  density). 
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1.  Introduction 

Noni-deality  effects  in  dense  plasma  radiation  of 
different  elements  have  been  under  investigation  for 
during  recent  years.  However,  continuous  spectra  of 
helium  plasma  presented  in  this  paper,  were 
investigated  earlier  rather  poorly  because  of  the 
problems  of  plasma  generation.  Being  between 
hydrogen  and  complex  atoms,  helium  has  the  defined 
principal  advantages  for  stucfying  the  plasma  density 
effects  in  radiation  due  to  spectra  simplicity  and 
absence  of  the  linear  Stark  effect.  In  this  work,  heliiun 
high  pressure  arcs  are  created  in  linear  flashlamps. 
Those  plasmas  have  a  good  cylindrical  symmetry,  are 
very  reproducible  and  in  local  thermo<fynamic 
equilibriiun.  On  axis  electron  densities  achieved  are  in 
the  range  2xl0'^  -  1.7xl0'*  cm"^  and  temperatures  in 
the  range  (2-3)xl0''  K.  In  these  conditions,  the  mean 
interaction  potential  energy  between  charged  particles 
Ep  is  not  small  compared  to  their  kinetic  energy  Et. 
The  ratio  T  =  E,JEk  is  in  the  range  0. 1-0.2.  The 
number  of  particles  in  the  Debye  sphere  is  small  and 
around  imity.  Then,  flashlamp  as  plasma  source  is  a 
very  convenient  and  efficient  tool  to  study  non-ideality 
effects  in  moderately  dense  plasmas  spectra  [1,2], 

2.  Experiment 

The  plasmas  are  produced  in  fused  quartz  linear 
flashlamps  whose  inner  diameter  is  5  mm  and  distance 
between  electrodes  100  mm.  These  lamps  are  filled 
with  pure  helium  at  initial  pressxues  from  50  to  500 
Torr.  The  gas  breakdown  is  performed  by  applying  a 
high  voltage  pulse  (30  kV,  1  ps)  on  an  auxiliary 
electrode.  Then  a  low  current  (»!  A)  simmer  is 
maintained  during  12  ms  before  triggering  the  main 
discharge  to  ensiue  the  discharge  centring  on  tube  axis, 
and  to  minimise  the  plasma-wall  disturbance 
phenomena  [3,4].  The  main  discharge  has  a  maximiun 
current  intensity  in  the  range  0.5-1.5  kA  and  its  pulse 
duration  at  half  height  is  around  100  ps.  Three 
q)ectrographs  with  different  dispersions  are  used  to 
measure  the  spectrum.  Each  of  them  is  coupled  to  an 
intensified  optical  multichanel  analyser  mono-  or  bi- 
dimensional.  All  spectral  measiuements  are  performed 
during  a  short  period  of  time  (less  than  1  ps)  at  the 
maximum  of  the  current,  when  the  best  filling  of  the 
plasma  is  obtained  inside  the  flashlamp.  For 
standardisation  purposes,  we  use  a  calibrated  deuteriiun 
lamp  in  the  wavelength  range  X  <  350  nm  and  a 
tungsten  ribbon  lamp  for  X  >  350  nm.  The  wavelength 


scale  is  absolutely  calibrated  using  spectral  lamps.  The 
different  methods  of  diagnostics  used  to  determine  the 
radial  profiles  of  particles  and  temperature  are  based  on 
measurements  of  continuum  intensities,  neutral  line 
intensities  and  opacities,  and  infrared  laser 
interferometry  (3.39  pm).  The  plasma  parameters 
deduced  from  continuum  and  line  intensities  on  the 
basis  of  ideal  plasma  calculations,  are  in  disagreement 
with  those  deduced  from  opacity  measurements  (for  7) 
and  interferometry  (for  N^).  But,  if  we  take  into  accoimt 
the  effect  of  the  statistical  iopic  microfields  on  the 
atomic  levels  in  the  calculation  of  the  continuum  and 
the  line  intensities,  a  good  agreement  is  obtained  in  the 
evaluation  of  the  plasma  parameters  by  those  different 
methods. 

3.  Theory 

Radiation  spectrum  of  helium  in  the  considered 
conditions,  is  formed  from  bound-bound  (spectral 
lines),  free-bound  (photorecombination)  and  free-free 
(bremsstrahlung)  transitions  in  neutral  atoms.  The  line 
broadening  and  shift  are  calculated  according  to  Griem 

[5] ,  while  the  line  intensities  are  estimated  taking  into 
account  the  line  dissolution  due  to  destruction  of  the 
radiating  levels  E  under  the  influence  of  the  quasi¬ 
static  plasma  microfields.  If  the  microfield  F  in  the 
point  of  the  radiating  atom  placed  is  strong  enough, 
more  than  a  certain  critical  value  FAE^,  the  level  is 
destroyed.  The  probability  of  the  level  realization  is 
then  defined  as  the  integral  of  the  microfield 
distribution  function 

W{E)=V  PiF)dF. 

JO 

We  use  the  quasi-static  distribution  function  of  Hooper 

[6]  for  a  neutral  point  and  take  FAE)=E^/I6e^ 
assuming  that  the  microfield  is  mainly  created  by 
nearest  ion  [7]. 

The  photorecombination  and  bremsstrahlung  are 
calculated  using  the  semiclassical  approximation  in  the 
fimnework  of  the  quantum  defect  theory  [8,9]. 
Assuming  that  the  density  of  oscillation  strengths  in 
the  near-threshold  region  is  conserved  [10]  and 
redistribution  of  oscillation  strengths  along  the 
spectrum  is  impossible,  we  continue  the 
photorecombination  continuum  multiplied  by  the  factor 
l-W  over  its  long-wavelength  threshold  in  order  to 
compensate  the  decrease  of  the  line  intensities.  Near 
the  ionization  threshold  W->0,  while  W-^l  fax  oS it. 
Therefore,  the  line  series  passes  gradually  to  a 
continuum.  The  free-bound  §  function  is  shown  in  Figl 
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for  a  few  values  of  the  electron  density.  In  the  case  of 
A/,  0  our  calculation  is  in  a  good  agreement  with  that 

ofHofsaess  [11]. 

The  emission  coefficient  have  been  calculated  for  36 
points  on  the  tube  radius  taking  into  accoimt  the 
temperature  and  density  profiles  obtained.  By 
integrating  the  results,  we  can  then  estimate  the  total 
spectral  intensity  from  the  flashlamps,  since  the  plasma 
is  optically  thin  for  all  the  wavelengths,  exept  the  core 
of  the  587,6  nm  line,  where  the  measured  data  have 
been  corrected,  Md  so  the  whole  spectrum  can  be 
considered  for  the  effectively  thin  plasma. 


Fig.  1.  Free-bound  ^  function  of  helium,  T  =  15000  K. 


4.  Results  and  discussion 

In  Fig.  2  the  measured  and  calculated  radiation 
intensities  from  the  flashlamp  are  presented.  In  whole  a 
satisfactory  agreement  is  found,  which  is  better  for  the 
red  part  of  the  spectrum.  This  may  be  explained  by  the 
feet  that  the  quantum  defect  method  is  more  accurate 
for  small  fr^encies.  However,  other  reasons  are 
possible  too.  Indeed,  for  the  diagnostic  we  use  the  587,6 
nm  line  and  780  nm  continuum  intensities.  So  it  is  not 
surprised  that  the  neighbouring  region  is  more 
accurately  estimated.  We  have  got  a  good  agreement 
for  the  587,6  nm  line  intensity,  while  for  other  the  lines 
it  is  imderestimated  or  overestimated.  One  of  the 
possible  reasons  is  the  dependence  of  the  critical  value 
F^E)  on  the  orbital  quantum  number  /,  which  is  not 
taken  into  account  in  the  present  calculations.  Near¬ 
threshold  area  at  X  >  400  nm  needs  further  analysis  at 
higher  density. 

5.  Conclusions 

The  radiation  of  helium  plasmas  measured  at  first  at  N, 
»  10  *  cm"^  is  in  a  good  agreement  in  whole  with  the 
calculations  based  on  the  unpertubed  densities  of 
oscillator  strengths  and  statistical  action  of  microfields 
on  radiators  [10].  Last  one  provides  smooth  extention 
of  the  continuum  and  m^  be  consider^  as  a  density 
effect  itself,  namely  under  moderate  plasma  densities. 
The  consequent  taking  into  account  of  this  effect  is 


necessary  to  obtain  a  good  agreement  in  the 
determination  of  the  plasma  parameters  between  the 
methods  based  on  emitted  radiation  and  other  ones,  and 
then  -  between  the  measured  spectra  and  calculations. 

This  work  is  supported  partially  by  NATO  T.inlfagp 
Grant  HTECH.LG  960803. 


Fig,  2.  Radiation  intensity  of  helium  plasma  in  spectral 
regions  370-490  nm  (a)  and  540-830  nm  (b)  from  a 
discharge  with  axis  temperature  23000  K  and  electron 
density  I.05xI0'*cm"^. 
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Introduction 

Dust  particles  injected  into  a  low  pressure,  capaci- 
tively  coupled  RF  plasma  collect  negative  charge  as 
they  fall  through  the  plasma  due  to  the  greater  mo¬ 
bility,  and  hence  flux,  of  the  electrons  with  respect 
to  ions.  Particles  continue  to  fall  until  the  force  of 
gravity  is  balanced  by  the  force  due  to  the  electric 
field  in  the  sheath,  and  by  the  drag  forces  present 
due  to  asymmetric  ion  and  neutral  bombardment.  Un¬ 
der  certain  conditions  a  suspension  becomes  strongly 
coupled,  where  the  energy  of  interaction  between  the 
charged  particles  significantly  exceeds  their  kinetic  en¬ 
ergy  and  the  particles  arrange  themselves  into  solid, 
2-D  crystalline  structures  of  several  layers. 

A  Langmuir  probe  introduced  above  such  a  crys¬ 
tal  is  found  to  affect  its  structure  and  properties  sig¬ 
nificantly  —  inducing  convection-like  circulation  amid 
solid,  crystalline  islands. 

Experiment 

Spherical  melamine  formaldehyde  particles,  0  = 
15/im,  axe  injected  into  a  13.56  MHZ  plasma  of  ar¬ 
gon  sustained  between  two  parallel  electrodes,  through 
a  hole  in  the  top,  grounded  electrode  (as  in  [1,  2]). 
Pressure  is  in  the  10“^  torr  range,  with  power  ~  3W. 
The  particles  gather  Icm  above  the  lower,  driven  elec¬ 
trode,  within  the  slight  potential  well  of  a  copper  gas¬ 
ket  plciced  on  the  electrode  (see  figure  1).  They  lie 
within  2mTn  below  the  visible  plasma-sheath  edge. 
The  probe,  Ta,  (j)  =  0.125,  0.25  or  0.5/im,  is  placed 
roughly  5mm  above  the  plasma-sheath  boimdary.  The 
potential  on  the  probe  is  variable,  between  —20  and 
201^  to  ground.  Parameters  which  can  be  adjusted  in¬ 
clude  the  pressure,  power,  probe  voltage  Eind  diameter, 
dust  material  and  density. 

The  dust  suspension  is  illuminated  with  a  HeNe 
laser,  made  planar  by  an  arrangement  of  lenses,  fo¬ 
cused  to  a  line  through  the  suspension.  Scattered  light 
is  recorded  in  real-time  using  a  video  camera,  con¬ 
nected  to  a  computer.  This  data  is  analysed  using  a 
workstation,  providing  information  about  the  velocity 
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and  trajectories  of  the  particles,  as  well  as  their  tem¬ 
perature.  In  some  cases,  the  camera  is  set  up  to  record 
the  probe-crystal  interaction  from  the  side,  giving  in¬ 
formation  about  the  vertical  properties. 

Observation 

Figures  2  and  3  display  a  single  image,  and  two  seconds 
of  overlapping  frames  respectively,  of  a  crystal  with 
a  probe  above  (seen  as  a  diagonal  line).  This  single 
image  does  not  provide  much  information,  but  viewed 
over  time  the  features  become  quite  clear. 

Below  the  probe,  a  rigid  elliptical  crystalline  area 
is  formed,  compcirable  in  shape  to  the  probe  (indica¬ 
tive  of  the  probe  sheath),  toward  which  the  surround¬ 
ing  crystal  continually  streams;  interpenetrating  1  —  2 
intergrain  distances.  The  increased  density  resulting 
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.  Figure  1:  Schematic  of  the  Experiment 
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Figure  2:  Probe-Crystal  interaction  -  Top  view.  One 
video  frame  is  displayed. 


Figure  3:  Probe-Crystal  interaction  -  Top  view.  Two 
seconds  of  overlapping  video  frames  (50  frames)  are 
displayed. 


from  the  geometry  forces  the  interpenetrating  grains  to 
fall  to  lower  layers  where  a  new  crystal  is  constructed 
(see  figure  4),  suggesting  that,  for  small  inter-particle 
distances,  the  charge  balance  on  each  grain  is  not  suf¬ 
ficient  for  levitation  within  the  local  electric  field. 

Once  in  the  lower  layers,  particles  counter-stream, 
closing  the  loop,  far  from  the  probe  disturbance  at  the 
boundary  of  the  suspension  (see  figure  4).  Adjustment 
to  probe  voltage  alters  these  properties:  when  more 
positive,  the  crystalline  ‘island’  becomes  smaller  and 
more  tightly  bound,  with  the  particles  around  stream¬ 
ing  much  more  quickly;  when  more  negative,  the  ‘is¬ 
land’  is  larger,  less  bound,  and  the  particles  circulate 
more  slowly.  At  a  certain  point,  the  island  is  no  longer 
obvious,  and  the  particles  are  repelled  from  below  the 
probe. 

Convection-like  circulation  has  also  been  observed 
near  the  boundary  of  the  suspension,  with  a  probe, 
Ukely  due  to  the  horizontal  component  of  the  electric 
field;  and  without  a  probe,  possibly  caused  by  a  non¬ 
uniformity  in  gas-flow. 


Figure  4:  Probe-Crystal  interaction  -  Side  view.  In¬ 
verted  (single)  image  with  marked  features. 


Discussion 

A  possible  explanation  for  this  phenomenon  is  that  the 
flow  of  ions,  with  the  Bohm  velocity  at  the  sheath  edge, 
is  perturbed  by  the  presence  of  the  probe,  increasing 
the  ion  density  (in  a  specific  region)  above  the  value 
predicted  in  the  absence  of  a  probe  [3].  This  would  al¬ 
ter  both  the  potenti2d  distribution  and  the  horizontal 
electric  field.  Another  possibility  is  that  the  negative 
particles  are  attracted  to  a  positive  probe,  creating 
a  solid  region  by  compression;  due  to  the  ‘pressure’ 
associated  with  the  inwEirdly  streaming  particles.  A 
detjuled  study  of  the  effects  of  probe  voltage,  position, 
and  diameter  —  with  simultaneous  measurements  of 
the  field  around  the  perturbing  probe  (using  cmother, 
smaller  probe)  —  are  necessary  to  explain  the  phe¬ 
nomenon,  conclusively.  Further  experimental  and  the¬ 
oretical  work  is  currently  underway. 
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Introduction 

The  increase  of  interest  in  dusty  plasmas  has 
led  to  observations  of  2-D  dust  or  plasma 
cri/stals[l][2]  and  to  demonstrations  of  crys¬ 
tal  phases,  and  how  these  phases  are  induced. 
These  dust  assemblies  are  typically  viewed  by 
illumination  with  a  laser  line  (ie  a  2-d  plane  of 
light)  and  a  camera,  positioned  so  as  to  collect 
the  scattered  light.  We  have  seen  that,  as  well  as 
providing  illumination,  a  laser  beam  can  also  be 
used  to  fracture  a  plasma  crystal.  The  extent  to 
which  fracturing  occurs  is  dependent  upon  the 
morphology  of  the  particles  which  make  up  a 
crystal. 


Figure  1:  Experimental  arrangement. 


Experimental  setup 

A  capacitively  coupled  rf  system  at  13.56MHZ 
is  used  to  suspend  various  particles  in  an  ar¬ 
gon  discharge.  Dust,  dropped  through  a  hole  in 
the  top  (grounded)  electrode,  charges  negatively 
due  to  the  higher  electron  fluxes  over  the  ions.  A 
balancing  of  forces  (electrical  and  gravitational) 
causes  the  dust  to  suspend  in  flat  layers  just  in¬ 
side  of  the  positive  space  charge  sheath  at  the 
lower  (driven)  electrode  (see  figure  1).  A  5mW 
HeNe  laser  line  is  used  to  illuminate  the  layers 
of  dust  and  a  second  16mW  HeNe  laser  beam  is 
used  to  fracture  dust  crystals  (see  figure  2). 

Plasma  crystals 

Plasma  crystal  formation  is  dependent  upon  the 
inter-particle  Coulomb  potential  energy,  deter¬ 
mined  by  dust  charge,  and  the  kinetic  energies  of 
the  dust  and  the  thermal  motion  of  the  particles, 
determined  by  the  amount  of  neutral  gas  cool¬ 
ing,  as  well  as  by  other  factors.  The  Coulomb 
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coupling  parameter  F,  the  ratio  of  these  two  en¬ 
ergies,  controls  the  phase  of  a  crystal[3].  Melt¬ 
ing  (a  decrease  in  T)  is  brought  about  either  by 
raising  the  rf  power  or  lowering  the  gas  pressure, 
and  solidification  either  by  lowering  the  power  or 
raising  the  pressure.  For  a  solid  crystal  the  regu¬ 
larity  of  the  lattice  depends  upon  the  uniformity 
of  its  constituent  particles.  The  less  homogenous 
the  dust,  the  less  order  there  will  be,  as  charge, 
suspension  height,  etc.,  vary  from  one  particle 
to  the  next. 

Crystal  Fracturing 

By  using  a  focused,  moderate  power  laser  beam 
(a  few  milliwatts)  we  have  demonstrated  that  it 
is  possible  to  fracture  certain  solid  crystal  lat¬ 
tices.  Particles  in  the  path  of  the  laser  beam  are 
forced  out  of  their  lattice  sites  and  pushed  in 
the  direction  of  the  beam.  Using  several  types 
and  sizes  of  dust  we  observe  that  the  morphol¬ 
ogy,  physical  properties,  surface  properties,  etc., 
of  particles  in  a  crystal  determines  the  extent  to 
which  laser  fracturing  can  occur.  Four  particles 
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Figure  2:  Fracturing  a  plasma  crystal. 


which  have  been  used  are: 

•  tungsten  powder,  1  to  5  fj,m  diameter 

•  tungsten  powder,  maximum  diameter 
100/im 

•  carbon  toner  particles,  0.3  to  30  fim  diam¬ 
eter 

•  melamine  formaldehyde  MF  spheres,  14  /rm 
diameter. 

Using  a  variable  neutral  density  filter  and  laser 
we  find  that  a  crystal  of  the  highly  dispersive 
carbon  is  the  easiest  to  fracture  (laser  inten¬ 
sity  less  than  ~8mWmm~^). .  A  crystal  of  the 
smaller  tungsten  powder  breaks  with  a  focused 
laser  beam  of  greater  than  ~40mWmm~^.  Crys¬ 
tals  of  the  larger  particle  size,  100  fim  tungsten 
and  the  highly  uniform  lattice  of  MF  particles, 
do  not  fracture  (maximum  focused  laser  inten¬ 
sity  is  ~150mWmm~^).  An  examination  of  the 
nature  of  the  fracturing  force  lead  us  to  discount 
thermal  forces,  due  to  temperature  difi'erences 
across  the  dust,  because  of  the  small  dimensions 
involved.  A  more  likely  mechanism  is  radiation 
pressure  —  A  beam  of  lOmW,  0  =  1mm,  will 
exert  on  a  30fim  grain  a  force  of  3  x  10“^^N, 
and  give  an  unbounded  grain  of  mass  10~^^Kg 
an  acceleration  of  about  3  mm/s^. 

Determination  of  Inter- 
Particle  Forces 

Using  a  laser  beam,  measurements  will  be  made 
of  the  force  required  to  fracture  a  crystal,  see 


Figure  3:  Energy  and  Force  between  two 
charged  particles. 


figure  3.  The  nature  of  the  repulsive  force  is 
clear  but  it  is  intended  to  obtain  information  on 
the  attractive  forces  which  are  believed  to  be 
present.  The  possibilities  include: 

(a)  a  bond  associated  with  localised  ion  space 
charges,  and 

(b)  an  attractive  force  due  to  the  imbalance  of 
ion  impacts  on  the  surface  of  the  particles. 
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1 .  Introduction 

The  investigation  of  dusty  plasmas  has  received  con¬ 
siderable  attention  in  various  fields  of  plasma  physics. 
In  order  to  do  a  comprehensive  study  of  dusty  plasmas,  it 
becomes  quite  important  issue  to  generate  the  dusty  plas¬ 
mas  with  a  large  volume  in  a  steady  state[l-5] . 

We  have  constructed  a  modified  double-plasma 
(D.P)  device  equipped  with  the  feeder  of  fine  particles  as 
shown  in  Fig.  1(a),  which  can  make  an  ion-beam  plasma 
system  where  the  gravity  force  on  a  fine  particle  could 
balance  the  friction  force  between  the  particle  and  the  ion 
beam  .  Figure  1(b)  shows  the  typical  distributions  of  ion 
beam  density  and  plasma  density  n^.  The  decreases 
due  to  an  elastic  and  a  charge  exchange  collisions.  The 
mean  free  path  of  an  argon  ion  is  estimated  to  be  about 
5cm  at  Imtorr  of  argon  gas  pressure.  The  detail  of  this 
device  is  described  in  Ref.  [6].  The  main  purpose  of  the 
present  paper  is  to  discuss  conditions  to  sustain  fine  par¬ 
ticles  in  the  ion-beam  plasma  system  by  using  simple 
model. 

2 .  Numerical  Analysis 

In  this  section,  we  show  numerical  analysis  on  the 
forces  acting  on  a  fine  particle.  The  ion  drag  force  F\ 
acting  upon  a  charged  particle  generated  by  a  Coulomb 
interaction  has  two  parts,  the  collection  force  Fic  showing 
an  effect  of  the  direct  collision  between  a  fine  particle 
and  an  ion,  and  the  orbit  force  Fo  due  to  the  deflection  of 
the  ion  orbits  [4].  Figure  2(a)  shows  the  dependence  of 
the  ion  drag  force  on  the  ion  beam  velocity  Vb .  In  this 
figure,  we  assume  the  argon  target  plasma  with  T~  2eV, 
T.  ~  O.leV,  no  ~10*^m  ’ ,  and  the  fine  particles  with 
-l.OxlO’^m  and  p  =1.8xl(Pkgm'^ .  The  beam  density  «b 
is  assumed  to  be  10''‘m'l  These  parameters  can  be  ob¬ 
tained  in  our  device  as  shown  in  Fig.  1.  F  is  found  to 
have  a  strong  dependence  on  14 .  F  increases  with  an  in¬ 
crease  in  Vb  to  have  a  peak  at  14-6x10^  m/s.  Further  in¬ 
crease  in  Vb  leads  to  decrease  in  F  ,  because  the  impact 
parameter  is  rapidly  decreasing  as  increases  Vb .  It  is 


found  that  the  F  overcomes  the  gravity  force  in  two 
ranges  of  beam  velocity  from  73m/s  to  2800m/s  and 
more  than  17000m/s.  In  Fig.  2(b),  the  ion  drag  force  is 
plotted  as  a  function  of  ion  beam  density  n^  at 
V^~1.0xl0‘'m/s.  F  is  found  to  be  proportional  to  and 


Fig.  1  Experimental  setup:  (a)  schematic  of  experi¬ 
mental  apparatus,  (b)  typical  profiles  of  plasma  den¬ 
sity  and  ion  beam  density  at  30eV  of  ion  beam 
energy. 
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Fig.  2  Dependence  of  ion  drag  force  on:  (a)  the 
ion  beam  velocity  and  (b)  ion  beam  density 


overcomes  the  gravity  force  above  2.0x1  0‘‘'m  ’. 

Figure  3  shows  the  threshold  value  of  ion  beam  density 
,  which  is  necessary  to  sustain  a  fine  particle,  as  a  func¬ 
tion  of  .  At  the  region  above  each  line  in  the  figure,  Fj  is 
larger  than  the  gravity  force  for  a  fine  particle  with  each  r^. 
The  threshold  value  is  dramatically  increasing  with  an  in¬ 
crease  in  ,  because  the  mass  of  the  fine  particle  is  propor¬ 
tional  to  the  cubic  of  the  r^.  Comparing  between  Fig.  3{a) 
and  (b),  at  higher  electron  temperature  F ,  the  threshold 
beam  density  is  found  to  be  getting  smaller,  which  is  due  to 
a  F  dependence  on  the  charge  of  the  fine  particle  through 
the  magnitude  of  floating  potential.  These  analysis  indicate 
that  fine  particles  could  be  sustained  in  the  target  plasma 
due  to  the  ion  drag  force  in  our  device. 

3.  Conclusion 

In  order  to  investigate  basic  physics  in  dusty  plasmas, 
a  new  dusty  plasma  generator  has  been  constructed.  Nu¬ 
merical  analysis  shows  us  the  condition  of  balance  between 
the  gravity  force  and  the  ion  drag  force  on  the  fine  particle. 
Plasma  parameters  in  this  device  shows  suitableness  for 
dusty  plasmas  generation. 


Fig.  3  Threshold  value  of  ion  beam  density  to  bal¬ 
ance  the  ion  drag  force  F.  and  the  gravity  force  as  a 
function  of  ion  beam  velocity  V,,  at:  (a)  electron  tem¬ 
perature  F^  ~  leV  and  (b)  F^  ~  6eV. 
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Since  the  discovery  of  Aillerenes,  it  is  still  a 
miracle  why  fuUerenes  (the  most  ^mmetiic 
spheroidal  molecules)  have  very  latige  yield  in  the 
gr^hite  contact  arc  reactor  with  helium 
atmosphere  but  low  yield  in  gn^hite  laser 
ablation  experiments?  \^y  carbon  clusters  have 
very  specific  non-monotonic  mass-spectrum  with 
the  pronounced  gap  in  the  region  of  n=2S-3S 
atoms  per  cluster  even-odd  alternation  that  is 
different  for  small  and  large  clusters?  Usually, 
the  answer  is  searched  in  fullerenes  stability  and 
different  possibilities  of  reactions  of  various 
carbon  clusters.  In  this  paper,  we  present  a  model 
of  carbon  clusters  formation,  which  coimects  the 
above  mentioned  peculiarities  of  carbon  clusters 
mass-spectrum  with  their  spatial  structures  and 
related  effective  coUisional  cross  sections  of 
carbon  clusters. 

Carbon  clusters  exist  in  different  isomeric 
forms  [1]  ;  linear  chains,  mono-  and  poly-cyclic 
rings,  and  spheroid^  forms  (fullerenes). 

CoUisional  cross  sections,  between  aU  these 
structures  and  constants,  K’y,  for  clusters 
formation  in  the  process  C,+Cj  were  calculated 
taking  into  account  their  rotation  during 
coUisions.  For  example,  the  effective  cross 
sections  of  carbon  atoms  collisions  with 
clusters  change  lineatiy  with  the  k  number  and 
<tepend  on  the  structure  of  clusters;  the 
dependence  of  cross  sections  of  linear  and  plane 


(\  clusters  on  k  is  quadratic;  the  dependence  of 
C^  fullerenes  cross  sections  on  k  is  linear  again. 
Therefore,  carbon  clusters  are  dramaticaUy 
different  from  compact  clusters,  whose  collision 
cross  sections  are  proportional  to  k^. 

Obtained  cross  sections  and  some  simple 
assun^tions  on  clusters  and  fullerenes 
reactivities  were  used  for  calculation  of 
Smoluchowski  equations  for  clusters  formation  in 
a  flow  of  caibon  v^our  in  helium  after  gr^hite 
contact  arc.  For  description  of  the  flow  of  C-He 
mixture  from  inter-  electrode  g^,  it  was  assumed 
that  the  turbulent  radial  jet  is  formed.  The 
Gthtler  theory  for  turbulent  mixing  is  iqiplied  to 
the  problem  of  a  radial  jet.  Magneto¬ 
hydrodynamic  model  [2]  of  flow  in  the  high 
current  arc  were  used  for  taking  into  account  the 
real  parameters  of  plasma  reactor  for  fullerene 
production  and  flnding  of  flow  velocity  in  arc  jet, 
~  iVp.  This  model  is  used  as  a  baas  for 
transition  from  nonstationary  kinetic  equations  to 
the  description  of  the  radial  dependent  stationary 
fields  of  relative  concentrations  at  the  distance 
r  from  interelectrode  gfp  with  the  initial 
condition  in  that  gt^  for  the  density  of  caibon 
vapour  and  initial  velocity  of  cmbon-heHum 
mixture  at  the  exit  from  the  inter-electrode  g^  of 
the  radius  rg  (N^  and  Ug).  As  a  result  the  following 
system  of  equations  for  dusters  relative 
concentration  <^were  obtained: 


dc^ 

drlTf, 


>1 


>1 


0) 


The  analysis  of  system  (1)  and  the 
hydrodynamics  of  the  flow  in  an  arc  and  reactor 
allows  us  to  find  out  the  modelling  parameter  of 


the  problem  that  determines  the  fitllereiK  yield  at 
the  reactor  walls,  R^: 
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«b 

Q  <P>  P\^g  ^  ^2) 
B2^  x^  Mo  RTT^  *0 


where  Q  is  the  carbon  mass  flow  rate,  p  is  the  gas 
pressure,  -  is  the  radius  of  reactor  chamber,  I  is 
the  arc  current,  (i,  is  the  molar  mass  of  buffer  gas, 
o,„  me  and  Vc  are  the  coliisional  cross  sections, 
the  mass  and  thermal  velocity  of  carbon  atoms,  r, 
and  b,  are  the  parameters  of  the  inter-electrode 
giq>,  initial  velocity  of  gas  is  o,=xv».  <P>/X2  *  1. 

Figure  1  ^ows  cluster  size  distributions  at 
X=2S  for  different  initial  conditions:  curve  1  - 
c,*=l,  Cj«=0  for  k>l;  curve  2  -  c,*=0.1,  C2®=0.45, 
<^«=0  for  k>2.  (Note  here,  that  £  k*<^  =  1,  in 
accordance  to  the  total  carbon  mass  conservation). 
It  is  found  that  the  initial  distribution  of  clusters  is 
relatively  unimportant  for  large  cluster  size 
distributions. 

Figure  2  shows  the  comparison  of  fuUerene  yidd 
on  the  modelling  parameter,  X,  with  the 
experimental  data  [3,4]  for  diflerent  arc  currents, 
helium  pressures,  and  inter-dectrode  gf^s,  bg. 

Figure  3  shows  the  partial  rate  constants  of  the 
Cgg  formation  in  Cj^  pair  collisions  for 

different  radial  distances  X  =  25,  SO,'  100.  This 
constants  were  defined  from  the  known  cluster 
structure  and  solutions  of  (1). 

Thus,  the  present  results  reveal  the  crudal  role 
of  coliisional  cross  sections  of  carbon  clusters  and 
gas  dynamic  processes  on  the  evolution  of  carbon 
dusters  and  fulterene  formmion. 
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Hg.l  Calculated  mass-spectra  for 
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XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


1-200 


Submicronic  SixCi.x  powder  synthesis  and  Palladium  coating 
by  using  low  pressure  dusty  plasma  properties 

F.Vivet,  A.Bouchoule 

Groupe  de  Recherche  sur  I'encrgctique  des  Milieux  Ionises,  Unite  dc  Recherche  Associee  au  CNRS  (URA  831),  UFR 
Sciences.  Uni\'ersitc  d'Orleans.  BP  6759.  45067  Orleans  cede.x  02.  FRANCE 


Introduction 


Silicon  carbide  is  interesting  for  its  high 
thermal  conductivibi'  and  high  temperature  stability 
when  looking  at  it  as  a  support  for  catalysis  material 
and  Palladium  has  catalytic  properties  ^^■hich  are  close 
to  these  of  platine  (Pt).  for  a  lower  cost.  An  integrated 
process  for  elaboration  of  silicon  carbide  ultrafine 
powders,  coated  by  thin  Pd  films,  is  described 

Powder  synthesis  and  characterization 

The  first  step  is  the  s>-nthcsis  of  the  powders 
by  a  13.56  Mhz  silane  /methane  mixture  diluted  in 
argon  low  pressure  discharge.  Two  growth  routes  were 
investigated  which  led  to  different  types  of  materials  in 
terms  of  crislallinitv-  and  size  distribution.  These 
differences  are  due  to  the  RF  power  lc\-el  and  the 
introduction  time  of  the  methane  which  are  not  -the 
same  in  both  cases.  We  used  infra-red  (FTIR) 
spectroscopy  to  detect  Si-CH.,  bonds.  X-ray 
photoefectron  spectroscopy  (.XPS)  allowed  us  to  obtain 
the  supfacc  composition  of  the  powders  and  a 
measurement  of  the  specific  surface  by  BET  technical 
showed  these  powders  arc  \  cn-  porous. 

In  the  first  way  of  production  (called  process 
n®l).  we  used  a  rather  high  power  (80  W.  Vp.,,  =  850 
V)  and  the  silane  (~  2.3  seem)  and  methane  (~  9  scern) 
were  introduced  simultaneously.  The  bpical  plasma- 
on  time  w'as  20  s.  The  collected  powders  were 
analyzed  by  XPS.  focussing  our  interest  on  the  C(ls) 
and  Si(2p)  shapes.  The  fitting  result  are  summarized 
on  table  I. 


Table  I:  XPS  results  (calibration  with  respect  to  C(ls) 
binding  energy  at  284.6  eV) 


position 

percentage 

attribution 

99.7  eV 

10% 

Si-Si 

Si  (2p) 

100.8  eV 

65.8% 

Si-C 

102  eV 

24.2  % 

Si-0 

C(ls) 

284.6  eV 

100% 

C-C.C-H.C-Si 

As  can  be  seen,  the  Si-C  bonds  represent  66%  of  the 
whole  bonds  which  in\-ol\e  Si  atoms.  An  excess  of 
carbon  is  pro\-ed  by  the  A  aluc  of 


the  ratio  1-X  =  [C]/{[Si]-(-[C]}  which  is  equal  to  0.6. 
Information  on  the  particles  material  is  also  obtained 
through  FTIR  spectroscopy.  The  obtained  spectrum 
presents  \  ibration  modes  attributed  mainly  to  Si-CH3 
and  Si-H:  groups.  Finally  the  size  distribution  as 
studied  by  MET  (see  fig.  1)  is  found  to  be  a  broad 
one;  the  mean  size  is  equal  to  152  nm  and  the  standard 
deviation  is  equal  to  70  nm.  A  further  inspection  of  the 
distribution  highlighted  three  main  classes  of  particles 
sizes  (  48-85  nm;  105-185  nm  and  205-335  nm)  which 
correspond  to  successive  generations  of  powders  [1]. 


Figure  1;  size  distribution  of  pow'ders  collected  with 
the  two  processes 


An  electronic  diffraction  analysis  on  these  different 
generations  led  to  the  same  diffuse  rings 
corresponding  to  a-SiC  (hexagonal  network).  The  fact 
that  the  diffraction  rings  are  diffuse  suggests  that  the. 
material  is  only  partially  crystalline,  embeded  in  a 
general  amorphous  structure. 

As  \\'e  were  primarily  interested  to  synthesize 
particles  w  ith  a  restricted  size  distribution,  we  moved 
to  the  second  process  described  below. 

This  second  process  (called  process  n°2)  is  a 
sequential  one.  An  initial  particle  growth  (5  s  long)  is 
obtained  in  Argon  (36  seem)  /  Silane  (2.3  seem) 
discharge  and  the  Methane  flow'  is  added  for  5  s  for 
further  growth  to  SiC  larger  size  particles.  We  avoid 
the  multi-generation  of  powder  using  low'er  RF  pow'er; 
it  was  reduced  to  20  Watts  (Vp.p  =  450  V)  for  the 
w  hole  1 0  s  growth  sequence. 

We  first  studied  the  chemical  surface 
properties  with  XPS  analysis.  The  peaks 
decomposition  results  are  summerized  on  table  II. 
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Table  II:  XPS  results!  calibration  with  respect  to  C(ls) 
binding  energy  at  284.6  cV) 


position 

percentage 

attribution 

99.5  eV 

27.9  % 

Si-Si 

Si  (2p) 

100.5  eV 

30.8  % 

Si-C 

101.8  eV 

24.5  % 

Si-0 

103.1  eV 

16.8  % 

Si-O: 

C(ls) 

284.6  eV 

100  % 

C-C,  C-H.  C-Si 

The  rate  of  Si-C  bonds  fall  down  to  31%  and  in  the 
same  time  the  Si-Si  bonds  percentage  increased  to 
28%,  Moreot  er,  the  surface  of  the  powders  presented 
an  excess  of  silicium:  the  ratio  1-X  is  equal  to  0.4  and 
the  presence  of  Si-0:  was  detected  which  was  not  the 
case  for  the  powders  collected  with  the  first  way  of 
production.  We  explain  the  appearance  of  silicium 
dioxyde  by  the  fact  the  surface  is  no  more  saturated 
with  carbon  atoms  which  preserve  from  o.xydalion. 
They  are  probably  o.xxdi/.cd  during  air  exposure  before 
analysis.  Coiwerscly  the  Si-0  percentage  appears 
stable  whatever  experimental  conditions  uc  use. 
suggesting  that  these  bonds  could  be  created  in  the 
reactor  during  the  growth  phase. 

FTIR  spectrum  (sec  figure2)  presented  the 
same  vibration  modes  as  obtain  in  the  first  ctisc. 

Figure  2:  FTIR  spectrum  of  the  powder  collected  using 
the  process  n°  2 
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Coating  of  the  powders  with  Pd 

The  Palladium  coating  step  is  achieved  in  the 
same  RF  reactor  ( integrated  process). 

The  procedure  is  based  on  the  electrostatic  trapping  of 
the  powders  in  the  plasma  glow  [2].  When  the 
ptirticlcs  reach  the  wanted  size,  we  stop  the  reactive 
gas  flow's  (Methane  and  Silane)  keeping  the  At  flow 
and  the  RF  power  on.  Thus  the  powders  are  trapped  in 
an  Ar  plasma.  After  1  mn  which  is  the  required  time 
to  pump  all  the  reactive  radicals  (SiHy  and  CHy),  we 
introduce  6  Pd  wires  through  slits  in  the  discharge  box 
and  we  biase  them  at  -  300  V.  Then  the  Ar'^  ions 
bombardment  of  the  wires  surface  produces  an 
efficient  sputtering  as  proved  by  the  spectroscopic 
measurement  which  allowed  to  observe  atomic  Pd 
emission.  To  obtain  a  better  Pd  diffusion  in  the 
discharge  box.  we  stop  the  Ar  flow'  and  the  pumping 
during  the  Pd  coating  to  be  in  a  stable  plasma. 
Another  important  point  is  that  powders,  which  are 
negatively  charged  in  the  plasma,  are  repealed  by  the 
biased  wires  as  observed  by  Mie  scattering.  To  reduce 
this  phenomena,  we  pulse  the  wire  biase  at  a  frequency 
f  eqiKil  to  1  Hz  and  thus  the  powders  swing  at  the 
siimc  frequenev.  XPS  spectrum  presented  two  shapes 
in  addition  to  C(Is).  Si(2p)  and  0(ls)  which  binding 
energy  positions  correspond  to  metallic  Pd.  A  high 
resolution  MET  analysis  showed  that  the  pow'ders 
present  .3  nm  large  Pd  islands  on  their  surface. 
However,  some  of  them  are  well  coated  and  other  are 
not  w  hich  is  due  to  the  volumic  distribution  of  the 
particles  which  is  not  homogeneous  in  the  discharge 
box.  This  result  shows  that  the  goal  of  an 
homogeneous  coating  on  all  the  particles  trapped  in 
the  reactor  requires  a  special  care  in  order  to  insure 
homogeneous  distributions  both  for  particles  and 
palladium  vtipor. 

Conciiisioii 

This  study  shows  that  SiCH  particles  can  be 
grown  within  a  broad  range  of  properties  in  terms  of 
size  distribution  and  material  characteristics.  Particles 
of  mean  diameter  70-80  nm  have  been  obtained  with 
narrow  size  dispersion  in  a  two  steps  process  and  then 
coaled  with  Pd  in  the  same  reactor.  Catalytic  tests  are 
now  in  progress. 

Aknowledgenient 


A  monodisperse  size  distribution  is  obtained,  with  a 
standard  deviation  alwav  s  lower  than  30  nm. 

Electronic  diffraction  rings  arc  not  obsened  for  these 
powders,  as  was  the  case  in  the  higher  power  N°1 
synthesis. 

Their  specific  area,  as  measured  by  BET.  is  verv'  high 
(115mVg).  a  useful  propert.v  for  further  Palladium 
coating. 


This  work  has  been  supported  by  BRITE- 
EURAM  Contract  N°  7328 
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C.  Amas  Capeau,  M.  Mikikian  and  F.  Doveil 
Equipe  Turbulence  Plasma,  UMR  6633  CNRS/Universite  de  Provence 
IMT,  Technopole  de  Chateau-Gombert 
13451  Marseille  cedex  20  -  France 


1.  Introduction 

Space  plasmas  [1-2]  and  laboratory  plasmas  [3-5]  are 
often  contaminated  by  charged  solid  particles  from  ten 
nanometers  to  ten  micrometers  in  size.  In  particular, 
these  dust  particles  have  been  observed  in  rf  plasmas  for 
etching  [3]  or  deposition  processes  [4],  at  high  gas 
pressure  (-0.1  Torr).  They  are  trapped  in  the  plasma  or 
at  plasma-sheath  boundaries  and  tend  to  self-organize  in 
ordered  structures  [6-7].  Analytic  models  give  the 
charge  of  the  dusts  and  the  forces  acting  [8-9]  on  them 
to  explain  their  trapping. 

We  report  here,  a  new  example  of  dust  levitation  in  a 
collisionless  plasma  produced  by  a  hot  cathode 
discharge,  in  a  multipolar  device,  at  low  argon  pressure 
(5  10^  -  1.3  10'^  Torr).  The  localization  of  the  dust 
trajectories  over  a  negatively  biased  plate  (not 
necessarily  in  the  center)  is  assigned  to  the  variation  of 
the  fast  electron  flux,  due  to  the  multipolar  magnetic 
field  lines. 

2.  Experiment 

2.1.  Experimental  set  up 

The  plasma  device  consists  of  a  stainless  steel  cylinder 
(30  cm  diameter  and  40  cm  length).  The  argon  plasma  is 
produced  by  a  dc  discharge  between  the  grounded  wall 
and  two  heated,  negatively  biased,  tungsten  filaments 
(20  cm  long  and  0.03cm  diameter).  The  fast  electrons 
(emitted  by  the  filaments)  confinement  is  provided  by:  i) 
fixed  separated  permanent  magnets,  parallel  to  the 
chamber  axis,  with  alternate  polarization  and  ii)  two 
floating  potential  plates,  parallel  to  the  two  chamber 
doors.  A  stainless  steel  plate  (12  cm  diameter) 
negatively  biased  (at  floating  potential  or  biased  by  a 
power  supply)  is  located  in  the  center  of  the  chamber. 
Glass  micro-balloons  (110  kg/m^  mass  density  and 
radius  -  50  pm)  are  injected  by  a  small  dust  dropper 
located  over  the  plate.  This  electrode  intercepts  the 
magnetic  fields  of  the  multipolar  device.  So,  the 
inhomogeneous  fast  electron  flux  (gyro-radius  of  1,  2 
cm)  produce  perturbations  of  the  electrode  potential  - 
the  different  location  of  the  dusts  trajectories  being  a 
signature  of  the  potential  variations  -. 

2.2  Situation  and  results 

We  have  plotted  the  magnetic  field  variation  in  the 
vicinity  of  the  electrode  and  the  corresponding  fast 
electron  flux  variation.  A  moving  Langmuir  probe  gives 
the  plasma  parameters  variation  according  to  the 
magnetic  field  or  according  to  the  position  on  the 
electrode. 


Varying  the  three  discharge  parameters:  i)  the  argon 
pressure  (probability  of  ionization),  ii)  the  fast  electrons 
emission  and  iii)  the  fast  electrons  energy,  we  can 
observe  different  dust  behaviors:  1)  gas,  2)  "liquid”  and 
3)  solid  (at  pressure  -  1.3  10'^  Torr)  phases  and  in 
special  conditions:  4)  individual  dust  low  frequency 
oscillations  in  the  vertical  plane,  during  their  motion  in 
the  gas  phase. 

Moreover,  it  is  possible  to  trap  a  single  micro-balloon  in 
the  sheath  edge.  In  that  case,  a  model  for  the  charging  of 
an  isolated  dust  can  be  applied.  This  model  must  take 
into  account  the  fast  electrons  [10]  emitted  by  the  heated 
cathodes  and  their  secondary  emission. 

The  oscillation  frequency  of  the  dust  can  be  measured 
and  associated  to  their  charge  [7]  in  the  potential  sheath 
electrode. 

The  forces  acting  on  the  dust  grains  in  the  electrode 
sheath  [8-9]  are  also  estimated.  We  show  that  the  gas 
drag  force  as  well  as  the  thermophoretic  force  are 
negligible  with  respect  to  the  gravity  force  and  to  the 
balancing  forces:  i)  electric  field  force  and  ii)  ion  drag 
force. 

3.  Conclusion 

The  first  experimental  results  of  dust  levitation  obtained 
in  a  hot  cathode  continuous  discharge  look  very 
promising.  In  particular  the  solid  phase  obtained  at  low 
pressure  (1.3  10'^  Torr)  is  rather  new  and  opens  a  new 
field  of  study  as  well  as  the  observed  vertical 
oscillations  of  the  dust  grains  during  their  motion,  in  the 
gas  phase. 
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Ion-electron  instability  in  an  electron-collecting  contactor 
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Laboratory  experiments  with  hollow-cathode 
based  plasma  contactors  [1]  show  that  the  structure 
of  the  plasma  around  the  contactor  consists  of  a 
double-layer(DL)  that  confines  a  quasineutral  plasma 
cloud  (the  core) ,  mainly  constituted  by  plasma  emit¬ 
ted  by  the  contactor,  from  the  external  quasineutral 
plasma  (the  presheath).  Since  the  DL  produces  two 
counterstreaming  beams  of  energetic  particles,  it  is 
thought  that  current-driven  instabilities  are  launched 
on  both  DL  sides.  Our  aim  is  to  analyze  the  kinds  of 
instabilities  that  set  up,  taking  into  account  the  char¬ 
acteristics  of  the  plasma  structure  around  the  contac¬ 
tor,  like  the  presence  of  the  DL,  the  quasispherical 
geometry,  and  the  boundary  conditions.  We  proceed 
along  the  usual  way  in  linear  stability  theory,  analyz¬ 
ing  the  reaction  of  a  stationary  state  of  the  plasma 
field  to  small  disturbances.  Here,  the  analysis  is 
restricted  to  electron-collecting  (anodic)  contactors 
and  to  frequencies  in  the  range  of  the  ion-electron 
instability. 


Figure  1.-  Sketch  of  the  model:  Jj  and  Jg 
are  the  emitted  and  collected  currents,  respec¬ 
tively;  Tic  and  Tia  are  the  densities  of  con¬ 
fined  electrons  and  ambient  ions,  respectively; 
r  =  td  and  r  =  roo  are  the  actual  and  mean 
position  of  the  DL. 

In  order  to  get  a  tractable  model,  we  consider 
that  the  contactor  is  a  sphere  of  radius  R,  biased  to  a 
positive  potential,  Ur,  relative  to  the  ambient,  quies¬ 
cent  plasma,  that  emits  a  plasma  current,  47r  Jj,  high 
enough  to  sustain  a  thin  double-layer,  separated  from 


the  contactor,  and  a  quasineutral  core  between  the 
DL  and  the  contactor.  The  potential  barrier  on  the 
DL  prevents  ambient  ions(a)  from  reaching  the  core, 
confines  emitted  electrons(c)  within  the  core,  and  ac¬ 
celerates  ambient  electrons  (e)  inwards  and  emitted 
ions(i)  outwards.  Figure  1. 

The  set  of  macroscopic  equations  that  describe 
the  dynamics  of  the  four  plasma  species,  admits,  for 
Ur  and  inJi  uniform  and  time-independent,  a  sta¬ 
tionary,  spherically  symmetric  solution  that  repro¬ 
duces  the  core/DL/presheath  structure  we  are  inter¬ 
ested  in.  That  solution  determines  the  dimensionless 
collected  current,  je,  and  DL  position,  (do  =  tdoIR, 
as  function  of  the  dimensionless  contactor  potential, 
Xr  =  bUr/Tc,  emitted  ion  current,  ji,  and  plasma 
temperature  ratio,  6ac  =  Ta/Tc.  As  (do,  i-e.  the  core 
size,  increases  with  ji,  we  find  convenient  to  use  (do, 
instead  of  ji,  as  parameter. 

For  the  perturbation  analysis,  the  appropriate  nor¬ 
mal  mode  decomposition  for  a  generic  plasma  vari¬ 
able,  let  us  say  /,  is 

f{r,e,(p,t)  ~  fair)  +  fi{r-,e,m,'y)Yim{0,(f>)exp'it 

where  /o  is  the  known  stationary  solution,  Yem{6,  <t>) 
is  any  spherical  harmonic,  and  7  =  7^  -f  i'yi  is  a 
complex  frequency. 

Within  each  quasineutral  region:  core  and  pre¬ 
sheath,  each  normal  mode  verifies  a  set  of  differen¬ 
tial  equations  on  the  radial  variable  r  that  includes 
^  and  7  as  eigenvalues.  Here,  we  restrict  the  insta¬ 
bility  analysis  to  values  of  I7I  much  smaller  that  the 
response  frequency  of  electrons  We  find  that  the  per¬ 
turbation  equations  and,  hence,  the  dispersion  rela¬ 
tion,  are  independent  of  the  azimuthal  number,  m. 

As  boundary  conditions  for  the  perturbation  equa¬ 
tions  we  have:  i)  the  solution  is  bounded  in  all  space, 
and,  in  particular,  at  r  =  i?,  r  =  and  r  =  00; 
ii)  the  jump  conditions  across  the  DL  derived  from 
the  plasma  equations  ;  iii)  perturbations  are  zero 
at  r  =  R  and  r  —  00  (for  the  stability  analysis). 
The  perturbation  modes  produce  a  ripple  of  the  DL, 
r  =  tdo  +  ^Di{S,<P,t),  that  must  be  determined.  At 
the  same  time,  to  impose  correctly  conditions  at  the 
DL  boundaries,  r^,  requires  to  expand  the  plasma 
variables  around  the  DL  mean  position,  tdo- 

For  ef/fl/To  »  1,  we  can  solve  the  perturbation 
problems  on  presheath  and  core  separately.  The  so¬ 
lution  for  the  presheath  shows  that,  at  least  for  the 
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above  parametric  limit,  no  ion-electron  instability 
sets  up  in  this  region  and  the  presheath  response 
depends  only  on  the  ripple  of  the  DL. 

In  the  core,  we  first  obtain  the  general  solution 
of  the  perturbation  equations.  Then,  we  impose  the 
set  of  conditions  at  both  boundaries,  and,  for  zero- 
perturbation  at  r  =  i?,  we  find  that  non-trivial  so¬ 
lutions  exist  if  and  only  if  a  certain  eigenvalue  or 
dispersion  relation. 


D{'y,£,^D0,XR,^ac)  =  0. 

is  satisfied  [3].  For  each  stationary  state,  (xR,0aci 
^Do),  the  dispersion  relation  yields  a  family  (£,7)  of 
self-excited  modes.  They  are  unstable  if  7^  >  0,  and 
neutrally  stable  if  7^  =  0;  they  are  non-oscillatory 
or  oscillatory  (in  time)  if  ji  is  equal  to  0  or  not, 
respectively. 

Figure  2  shows  the  unstable  modes,  7(^00))  with 
^  =  5,  for  given  values  of  XR  and  6ac-  The  number 
n  refers  to  the  sequence  of  loci  of  non-oscillatory  (n 
odd)  and  oscillatory  (n  even)  modes,  alternatively. 
For  each  there  are  no  unstable  modes  below  a  cer¬ 
tain  core  size,  and  the  most  unstable  mode 

occurs  for  n  =  1,  always.  Figure  3  shows  the  n  =  1 
mode  for  different  £.  For  £  increasing,  the  threshold, 
^})q{£),  decreases,  and  the  modes  are  more  unstable. 
For  the  purely-longitudinal  case,  £  =  0,  (the  only  one 
discussed  in  previous  works)  there  are  not  unstable 
modes.  For  ^£>0  fixed,  jr  does  not  attain  a  maxi¬ 
mum  for  any  £  but  the  model  is  not  valid  beyond 
certain  £,  unless  space-charge  effects  are  considered 
throughout  the  core  and  presheath.  In  general,  the 
instability  growth  rate  decreases  with  xr  increasing 
and  Oac  decreasing;  the  second  effect  is  due  to  the 
increasing  ’rigidity’  of  the  presheath. 

Figure  4  shows  potential  profiles  of  several  unsta¬ 
ble  modes;  observe  that  n  is  related  to  the  number 
of  radial  oscillations  of  the  mode.  In  the  figure,  the 
perturbed  potential  does  not  go  to  0,  at  r  =  R-.  this 
is  a  consequence  of  the  core  quasineutrality;  in  fact, 
there  exists  a  thin  non-neutral  sheath  (of  thickness 
about  the  core  Debye  length  up  to  the  4/5  power)  at¬ 
tached  to  the  contactor  that  carries  the  perturbation 
to  0. 

The  above  unstable  modes  correspond  to  a  three- 
streaming  ion-electron  macroinstability  [4]  where  the 
electrons  streaming  into  the  core  provide  the  desta¬ 
bilizing  effect  and  the  confined  electrons  tend  to  sta¬ 
bilize.  This  competition  explains  the  evolution  of  the 
growth  rate  with  £  and  XR- 
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Figure  2.-  Complex  frequency,  7r( — )-l- 
*7i(‘  -)j  of  unstable  modes  with  ^  =  5;  70  = 
y/Tc/rrii/R-,  xr  =  50,  Bac  =  0.1. 


Figure  3.-  Complex  frequency  of  unstable 
modes  with  n  =  1  and  different  values  of  £; 
XR  =  50,  9ac  =  0.1. 


Figure  4.-  Radial  profiles  of  the  perturbation 
on  the  potential  (modulus),  corresponding  to 
points  A,  B,  C,  and  D  in  Fig. 2. 
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Rosenau,  Tataronis  and  Conn  [1]  studied  the  non¬ 
linear  partial  differential  equations  of  magnetohydro¬ 
dynamics  (MHD)  in  which  allowance  was  made  for  the 
Hall  effect.  They  found  real  characteristics  for  this 
system  of  equations,  which  show  no  trace  of  fast,  slow, 
and  Alfven  waves  known  in  non-Hall  MHD  but  describe 
sound  waves  absent  in  non-Hall  MHD.  The  character¬ 
istic  surfaces  0(r,  t)  =  const  are  given  by  the  equation 
H-V?i  =  0. 

It  is  unclear  to  what  extent  this  system  of  MHD 
equations  with  the  Hall  effect  is  evolutionary  and  rep¬ 
resents  physical  phenomena,  although  this  question  has 
been  discussed  for  a  long  time.  However,  it  is  beyond 
doubt  that  taking  into  account  the  magnetic  viscosity 
V  makes  the  Hall  MHD  equations  evolutionary  [2]. 

We  obtain  here  an  analytical  solution  to  the  equa¬ 
tions  of  resistive  Hall  MHD  (or  RHMHD).  This  solu¬ 
tion  proves  to  be  of  the  form  of  purely  aqoustic  waves 
(certain  stages  of  this  work  have  already  been  presented 
in  [3-5]).  Our  results  correlate  with  a  prediction  made 
in  [Ij. 

In  a  Cartesian  coordinate  system  x,y,z  with  the  x- 
axis  streamwise,  we  consider  planar  flows  of  the  form 

V  =  (vj;,  V5,,0),  H  =  (0,0,77),  d/dz  =  Q.  (1) 


magnetic  viscosity  v  =  (where  Rm  is  the  mag¬ 

netic  Reynolds  number),  the  ratio  /?  of  the  character¬ 
istic  value  of  gas  pressure  to  that  of  magnetic  pressure 
{P  =  2c^,  where  c  is  the  gasdynamic  speed  of  sound), 
and  the  parameter  ^  =  CQrjii/elyJATrp,  that  character¬ 
izes  the  influence  of  the  Hall  effect  (cq  being  the  speed 
of  light) . 

We  denote  a  solution  of  Eqs.  (2)-(5)  as  n(x,  y,  z,  t)  = 
(p,  V,  H)  and  seek  it  in  the  following  form; 

n(x,y,t)  =  n°(x,y/(S)  -|-n(x,7(5x,y/<i,7y,7cf).  (6) 


Here,  H®  is  the  known  (background)  steady-state  flow 
with  the  characteristic  transverse  scale  S  (the  relation¬ 
ship  Vy/v^  ~  <5  being  valid  for  its  velocity  compo¬ 
nents);  n  is  a  time-depending  deviation  from  it;  and 
the  gamma  factor 


7^7(n“)  =  -rf^ 


^  dH° 
dx  ' 


(7) 


characterizes  H.  We  choose  H®  to  be  fairly  uniform 
across  the  stream,  so  that  dDP /dy  <  1.  We  assume 

that  c  1.  Then,  in  the  adopted  units. 


As  the  unit  of  length,  we  take  an  appropriately  chosen 
characteristic  scale  f;  as  the  units  of  density  p  and  mag¬ 
netic  field  H,  the  values  p,  and  H,  of  these  variables 
at  some  upper  point  (x»,y*)  of  the  stream  within  the 
region  at  hand  for  some  time  moment  t..  The  Alfven 
velocity  v,  —  (77j/47rp,)^7^  at  this  point  is  adopted 
as  the  unit  of  velocity  v,  and  the  magnetic  pressure 
i7^/(47r),  as  the  unit  of  the  pressure  V,.  The  ratio  of 
the  unit  length  to  the  unit  velocity  is  of  the  order  of 
the  transit  time  and  serves  as  the  unit  of  time  t.  The 
equation  set  (obtained  in  [2])  thus  takes  the  form 


dt 

dv 

dt 

V  = 

m 

dt 


-(V  -pv). 


cV, 

1  ■ 

i/AH  -t-  curl(v  X  H)  +  ^V-  X  V^. 

p  1 


(2) 

(3) 

(4) 

(5) 


dx  dx  dx 


H° 


1. 


Let  us  also  put 


^  »  c  »  5. 


(9) 


(hence,  we  evidently  restrict  ourselves  to  considering 
flows  n°  with  smooth  streamlines).  Further,  we  put 
{^/c){S/c)  ^  V.  The  above-assumed  conditions  imply 
that 

r<i»i,  r»i,  roi.  (lo) 

Let  all  operators  acting  on  H  change  the  order  of 
magnitude  of  this  quantity  in  the  following  way: 


dU 


rm, 


5n 


rn. 


an 


~  FcH,  0  <  t  <  -. 


dx  ’  dy  ***’  dt 

We  also  assume  that  |77|  is  small,  setting 


c 

(11) 


We  assume  the  plasma  to  be  isothermal.  In  this  case, 
plasma  dynamics  is  determined  by  three  constants:  the 


^$(n°)  <  |.H|  <^min  ,  (12) 
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where 


$  (n")  = 


j/AH°  -t-  curl(v“  X  H°)  +  x  V 


Obviously,  such  fields  of  variables  can  exist  only  if 


(13 


^$(n'>)«min^|^,c2j  (14) 

This  is  another  condition  for  the  parameters  u,  P, 
and  S  but,  unlike  the  above-listed  conditions,  it  de¬ 
pends  on  the  structure  of  11°.  [This  condition  is  not 
too  restrictive,  and  in  some  cases  it  does  not  appear 
at  all.  In  particular,  we  can  choose  as  11°  a  solution 
7°  to  Eqs.  (2)-(5)  for  the  case  d/dt  =  ^  =  i/  =  0. 
Among  them,  there  are  solutions  representing  isomag- 
netic  streams  {H°/p°  =  1),  in  which  $(11°)  =  i/|A7f°|. 
If,  in  addition,  such  a  11°  is  an  iso-Bernoulli  stream,  for 
it  j°  =  dH°/dy  ~  S  (see  [4]  and  references  therein) 
and  $(n°)  ~  2/.  Then  condition  (14)  is  satisfied  auto¬ 
matically,  being  a  consequence  of  (10).  In  some  cases, 
we  shall  use  as  a  simple  and  representative  form  of 
n°  an  isomagnetic,  iso-Bernoulli  background  flow  7° 
with  the  same  P  as  assumed  for  11.  It  is  known  that 
the  streamlines  of  7°  can  have  diverse  configurations. 
Therefore,  the  flow  7°  is  a  good  model  for  practically 
important  streams.] 

The  substitution  of  (6)  into  the  i-component  of  the 
Euler  equation  shows  that  if  the  terms  nonlinear  in  II 
are  small  (which  will  be  seen  below),  then 

Vx  ~  max<  — ,  cd  - >  .  (15) 

I  7c  7C  c  J 


This  relation  allows  us  to  conclude  that  the  y- 
component  of  the  Euler  equation  reduces  to 


dvy 

dt 


1_ 

Po 


(16) 


and  the  induction  equation  (5)  integrated  over  y  has 
the  form 


dy 


(17) 


Now  the  order  of  .ff  in  p  is  known.  By  direct  substi¬ 
tution,  we  can  check  that  \p\  •<C  1,  |u|  -C  1,  and  the 
nonlinear  terms  of  all  the  equations  used  are  indeed 
small. 

Using  Eq.  (17)  makes  it  possible  to  close  the  gas- 
dynamic  part  of  the  equation  set  at  hand  and  shows 
that  in  the  given  situation  electromagnetic  processes 
generate  a  force  proportional  to  p,  which  appears  in 
Eq.  (16).  In  other  words,  the  perturbations  11  “sense” 
an  effective  gravitational  force  with  acceleration  g  = 
— c^7(a;,j/),  which  acts  in  j/-direction. 

The  obtained  gasdynamic  system  still  remains  to  be 
solved.  The  analysis  of  orders  of  magnitude  shows 
that  the  continuity  equation  reduces  to  (dp/dt)  = 


eliminating  Vy  with  the  use  of 

(16)  and  (17),  gives 


1  d'^p  _  d^p 

dt^  dy'^ 


+  i{x,  y) 


dy' 


(18) 


We  see  that  this  equation  coincides  in  form  with  the 
equation  of  acoustic-gravity  waves  propagating  verti¬ 
cally  in  a  neutral  atmosphere  [6,  7].  In  accelerated 
plasma  flows  7  is  positive,  and  the  upward  direction  in 
the  atmosphere  corresponds  to  the  negative  direction 
of  the  y-axis  (i.e.,  counter  to  the  y-component  of  the 
field  E).  The  quantity  I/7  plays  the  role  of  the  local 
scale  height.  Waves  of  this  sort  in  RHMHD  media, 
described  by  Eq.  (18),  can  be  called  quasi-acoustic- 
gravity  (QAG)  waves. 

If  7  does  not  depend  on  y  (which  is  ensured  by  7° 
taken  as  11°),  there  exists  a  solution  of  the  plane- wave 
type  p  =  x(*)  exp(-7y/2)  exp[i(w<  -  l:y)]  {x  being  an 
amplitude  factor).  Its  amplitude  increases  in  the  case 
of  “upward”  propagation  (i.e.,  in  accelerated  flows,  to¬ 
ward  the  anode).  The  dispersion  relation  for  QAG 
waves  has  the  form  k'^c^  =  where  ujl  =  c'y/2  is 

the  lower  frequency  limit  for  traveling  waves  (the  ana¬ 
log  of  the  Brunt-Vaisala  frequency  for  atmosphere). 
The  phase  and  the  group  velocity  of  QAG  waves  are 
respectively  Vp  =  u/k  =  cfQ  and  Vg  =  cQ,  where 

Q  =  [l-(u,i/a;)2]V2. 

If  7(y)  is  variable,  a  wave  of  frequency  u  should  be 
reflected  from  the  region  where  u;  fa  uii,. 

As  j(y)  varies  rather  slowly  over  a  distance  of  the 
order  of  the  QAG-wave  length,  Eq.  (18)  can  be  solved 
by  the  Wenzel-Kramers-Brillouin  technique. 
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1.  Introduction 

One  of  the  most  important  mechanisms  of  weakly 
ionized  plasma  instability  is  the  influence  of  the  ion 
spatial  charge  upon  charged  particle  flows  onto  the 
discharge  tube  wall  [1].  It  was  experimentally  shown 
[2]  that  this  mechanism  is  the  cause  of  the  current  wave 
amplification  in  the  positive  column  of  the  low  pressure 
DC  helium  discharge,  which  is  surrounded  by  the 
grounded  metallic  screen.  Instability  development 
inside  the  distributed-parameter  line  “low  temperature 
plasma  -  external  screen”  provides  the  existence  of 
several  non-stationary  self-conformed  regimes  for  gas 
discharge  maintenance  in  a  narrow  lengthy  channel. 
The  characteristic  feature  of  these  regimes  is  the 
generation  of  a  periodical  sequence  of  short  current 
impulses  with  large  amplitudes  (see  Fig.  1).  The 
purpose  of  the  present  paper  is  to  find  a  way  of  self- 
pulsed  discharge  maintenance. 

2.  Experimental  technique 

The  electric  circuit  under  examination  consists  of  DC 
power  supply,  ballast  resistor  and  discharge  tube  (1  mm 
in  internal  diameter,  8  mm  in  external  diameter, 
125  mm  in  length).  The  tube  is  filled  with  helium 
(3  Torrs  in  pressure).  The  metallic  screen  surrounding 
the  tube  consists  of  several  isolated  sections  in  the  form 
of  hoops  (25  mm  in  diameter)  (Fig.  2). 


t(nS) 


Figure  1:  Oscillations  of  the  anode  voltage  and  the 
cathode  current  in  the  case  of  the  self-pulsed  gas 
discharge  in  helium 


Figure  2;  Outline  of  the  experimental  system 

In  accordance  with  the  problem  under  research  there 
have  been  reconstructed  on  the  basis  of  experimental 
data  the  instantaneuos  distributions  of  the  electric  field 
potential  along  the  positive  column  axis  U(x,t).  The 
data  were  obtained  by  means  of  measuring  the  voltage 
v(Xi,t)  on  the  capacitor  C  connected  with  an  isolated 
section  of  the  metallic  screen.  The  voltage  on  the 
capacitance  detector  was  induced  by  electric  field 
oscillations  inside  the  positive  column: 

I 

v(Xj,t)  =  j  K(xi,x' )U(x' ,t)dx'  (1) 

0 

where  axis  Ox  is  directed  to  the  cathode  of  the  tube  from 
the  anode,  /  is  the  discharge  chatmel  length,  x,  -  the  co¬ 
ordinate  of  the  /-th  screen  section. 


The  kernel  of  the  integrated  equation  (1)  K(Xj,x)  was 
analytically  determined  by  means  of  the  Shockley  - 
Ramo  theorem  [3] : 


K(xi.x'): 


a 


0^0  X~'  „ 

/  ” 
«=1 


.  n/rxi  .  nnx: 
sm - sin -  (2) 


where  is  the  internal  radius  of  the  discharge  tube,  s  - 
the  glass  permittivity,  a„  -  the  coefficients  depending 
on  the  geometry  of  the  screen  and  the  discharge  tube. 


3.  Results  of  the  electric  field  measurements 


The  results  of  the  solution  to  the  reverse  problem  (1) 
are  given  in  Fig.  3  in  the  form  of  the  electric  field 
potential  distributions  inside  the  plasma  for  various 
temporal  stages  of  the  self-oscillations.  The  recon- 
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X  (cm) 


Figure  3:  Reconstructed  distributions  of  the  electric 
field  along  the  discharge  channel  axis 


t(fiS) 

Figure  4:  Propagation  of  the  strong  longitudinal  electric 
field  area  inside  the  positive  colunm.  Distance  from  the 
anode  X  (cm):  1  -  2.0,  2  -  3.5,  3  -  5.5 

structed  process  resembles  a  standing  wave.  The 
distance  between  the  nodes  of  the  wave  is  about  8  cm. 


However  there  has  been  discovered  a  local  area  (4  cm 
in  length)  with  a  strong  longitudinal  electric  field 
intensity  (300  V/cm)  that  appears  inside  the  short 
temporal  interval  (~  150  nS)  immediately  preceding 
the  current  impulse.  The  temporal  dependences  of  the 
longitudinal  electric  field  intensities  are  shown  in 
Fig.  4  for  various  points  of  the  positive  column.  The 
results  obtained  demonstrate  the  propagation  of  the 
strong  electric  field  area  to  the  anode  from  the  cathode 

g 

with  the  velocity  about  10  cm/S. 

There  has  been  observed  a  local  impulse  of  a 
displacement  current  (about  70  nS  in  duration)  which 
flows  from  the  screen  sections.  This  impulse  propagates 
together  with  the  strong  electric  field  area.  Inside  a  gap 
between  the  discharge  tube  and  the  screen  the  peak 
value  of  displacement  current  density  is  about 
1  mA/cm  during  the  impulse. 

4.  Conclusions 

The  self-pulsed  gas  discharge  under  research  is  in 
immediate  proximity  to  a  standing  wave  in  the  active 
distributed-parameter  line  the  length  of  which  is 
approximately  equal  to  3/4  of  the  wavelength.  The 
necessary  condition  of  this  regime  maintenance  is  the 
formation  of  the  moving  ionization  front  appearing  as  a 
result  of  transient  processes,  which  are  accompanied  by 
a  redistribution  of  the  potential  in  the  discharge 
channel.  The  observed  propagating  area  with  the  strong 
electric  field  and  high  ionization  rate  is  analogous  with 
a  fast  ionization  wave  [4].  However  in  the  case 
observed  the  ionization  front  propagates  from  the 
grounded  electrode  of  the  discharge  tube  to  the  high 
voltage  one;  that  makes  a  difference. 

For  the  moving  ionization  front  to  appeare  as  a  result  of 
pulsed  breakdown  it  is  necessary  to  provide  the 
discharge  voltage  growth  rate  (dU/dt)  of  about  10^^- 
10*^  V/s.  In  the  case  of  the  self-pulsed  discharge  there 
appears  a  local  area  with  an  electric  field  of  large 
intensity  even  if  the  temporal  growth  of  the  anode 
voltage  between  the  discharge  current  pulses  is 
relatively  slow  (dU/dt  ~  10  V/s).  High  energies  of 

electrons  inside  the  ionization  front  and  a  slight 
heating  of  the  gas  make  self-pulsed  form  of  the  gas 
discharge  maintenance  applicably  attractive. 
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1.  Introduction 

One  of  the  oldest  and  most  fundamental  problems  in 
plasma  kinetic  theory  is  the  study  of  small-amplitude 
longitudinal  wave  propagation  in  a  plasma  described 
by  the  Vlasov-Poisson- Ampere  (VPA)  system 


where  E{x,  t)  is  the  electric  field  and  fa{x,  v,  t)  is  the 
distribution  function  for  the  species  a,  a  =  I,..  .,N. 
This  system  has  played  a  major  role  in  the  analysis 
of  plasma  instabilities  and  wave  propagation  in  a 
wide,  variety  of  settings,  ranging  from  astrophysical, 
solar  and  magnetospheric  plasmas  to  laboratory  and 
fusion  plasmas.  However,  due  to  the  extreme  analyt¬ 
ical  difficulties  associated  with  the  nonlinear  Vlasov 
equation,  Eq.  (la),  much  of  the  theory,  starting  with 
the  classic  works  of  Vlasov  [1]  and  Landau  [2],  has 
been  based  on  the  linearized  version  of  the  model. 
Unfortunately,  this  limits  the  validity  of  most  of  the 
results  to  a  relatively  short  time-scale,  on  which  the 
linearization  is  accurate.  This  is  the  case,  in  partic¬ 
ular,  for  the  most  famous  result  of  the  linear  the¬ 
ory,  namely  Landau  damping.  Whereas  Landau’s 
solution  to  the  linearized  initial  value  problem  pre¬ 
dicts  the  exponential  damping  of  E{x,t)  for  every 
small  disturbance  to  a  thermal  distribution,  already 
in  1965  T.M.  O’Neil  [3]  argued  that  nonlinear  effects 
can  prevent  the  complete  damping  of  a  sinusoidal 
wave  and  lead  to  a  time-asymptotic  traveling-wav? 
mode,  sustained  by  the  oscillations  of  the  particles 
trapped  in  the  wave’s  potential  well.  Even  though 
this  phenomenon,  known  as  nonlinear  Landau  damp¬ 


ing,  is  now  qualitatively  well  understood,  a  satisfac¬ 
tory  quantitative  analysis  has  never  been  possible, 
because  of  the  formidable  nonlinear  nature  of  the 
VPA  system.  Recently,  some  rigorous  nonlinear  re¬ 
sults  have  confirmed  that  Vlasov  plasmas  can  sus¬ 
tain  small-amplitude  waves  in  spite  of  the  predic¬ 
tions  of  the  linear  theory.  Holloway  and  Doming  [4] 
have  used  the  BGK  formalism  [5]  in  order  to  con¬ 
struct  exact  nonlinear,  periodic,  undamped  traveling 
wave  solutions  to  the  VPA  system  with  arbitrarily 
small  amplitude.  Buchanan  and  Doming  [6,7]  have 
reformulated  and  extended  the  analysis  to  include 
small-amplitude  solitary  waves  [7]  and  multiple  pe¬ 
riodic  waves  [6].  The  question  still  open,  though, 
is  whether  and  how  such  undamped-wave  solutions 
can  be  generated  from  given  initial  conditions. 

2.  General  Development 

We  have  carried  out  a  fairly  general  mathematical 
analysis  of  the  VPA  initial  value  problem,  which 
has  enabled  us  to  study  the  long-time  amplitude  of 
the  electric  field  as  a  function  of  the  initial  ampli¬ 
tude.  Our  approach  is  based  on  the  decomposition 
E{x,t)  =  A{x,t)  +.T{x,t),  where  T  and  A  denote, 
respectively  the  transient  and  time-asymptotic  parts 
of  the  electric  field.  This  decomposition  makes  it 
possible  to  focus  on  the  time-asymptotic  part  of  the 
problem  and  to  obtain  important  results  on  A  inde¬ 
pendently  of  the  details  of  the  transient  T.  Under 
mild  assumptions,  we  have  shown  that  A  is  given 
at  leading  order  by  a  finite  superposition  of  wave 
modes,  whose  phase  velocities  satisfy  a  Vlasov  dis¬ 
persion  relation  [Ij.  Whereas  the  usual  Vlasov  dis¬ 
persion  relation  is  determined  by  an  initial,  unper¬ 
turbed  Vlasov  equilibrium,  the  one  for  A  depends  on 
a  time-asymptotic  Vlasov  equilibrium,  modified  by 
the  action  of  T.  Based  on  this  general  form  of  the 
solution  for  A,  we  obtained  an  approximate  solution 
to  the  nonlinear  Vlasov  equation  by  linearizing  only 
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the  term  containing  the  transient,  and  then  inte¬ 
grating  the  resulting  equation  along  the  nonlinear 
characteristics  corresponding  to  A.  These  were  de¬ 
termined  explicitly  via  the  methods  of  Hamiltonian 
perturbation  theory,  in  the  manner  of  Buchanan  and 
Doming  [6].  At  this  point,  we  were  able  to  obtain 
the  transient  T  using  a  standard  perturbation  tech¬ 
nique  because  the  decay  properties  of  T  neutralize 
most  of  the  secularities  that  would  otherwise  plague 
the  perturbative  solution  of  the  original  VPA  sys¬ 
tem.  Then,  a  simple  projection  procedure  allowed 
us  to  reduce  the  problem  to  a  finite  set  of  nonlin¬ 
ear  algebraic  equations  -  relating  the  amplitudes  of 
the  time-asymptotic  wave  modes  to  that  of  the  ini¬ 
tial  electric  field  -  which  we  studied  as  a  bifurca¬ 
tion  problem.  Thus,  we  obtained  both  vanishing 
and  non-vanishing  solution  branches  for  the  time- 
asymptotic  amplitudes;  which  one  of  these  is  realized 
depends  on  the  initial  condition. 

3.  Two-Wave  Case 


We  considered  the  classic  problem  of  a  sinusoidal 
perturbation  to  a  single-humped  (e.g.  Maxwellian) 
Vlasov  equilibrium,  with  fa(x,v,Q)  =  J^a{x,v)  = 
Fa{v)  +  €ha(v)  COS  X.  For  €  <  1,  we  can  assume  the 
Langmuir  modes  with  wavenumber  one  to  be  domi¬ 
nant  at  long  times  (whereas  all  other  modes  can  be 
neglected,  see  Buchanan  and  Doming  [6]).  It  follows 
that  the  asymptotic  field  A  can  be  represented  as  a 
pair  of  counter-propagating  waves  of  the' form 

A(a;,f)  =  asin(x  —  vjt)  -f  asin(x  -f  Vft).  (2) 


After  substituting  the  representation  E  =  A  +  T 
into  Eq.  (la),  we  approximate  the  term  T{dfa/dv) 
by  the  “linearized”  quantity  T{dEa/dv)  and  obtain 


^fa  ^/of  .  Qa 

dt  dx  rria  dv  rua  dv 


(3) 


Unlike  the  traditional  linear  Vlasov  equation,  we  ex¬ 
pect  this  modified  equation  to  be  a  uniformly  good 
approximation  in  time,  since  by  definition  T  vanishes 
at  long  times  (when  ceases  to  be  a  good  approxi¬ 
mation  for  fa),  whereas  the  full  nonlinear  interaction 
between  the  long-time  field  A  and  /„  is  maintained. 
Eq.  (3)  was  solved  exactly,  since  the  characteristics 
for  A  in  Eq.  (2)  could  be  computed  explicitly  by 


the  method  of  [6].  The  solution  for  was  sub¬ 
stituted  into  the  Ampere  equation,  Eq.  (la),  which 
was  then  broken  into  its  transient  and  asymptotic 
parts  (see  Frechet  [8]).  The  transient  part  was  solved 
perturbatively  for  T  in  terms  of  the  small  ampli¬ 
tude  a,  and  the  solution  substituted  into  the  time- 
asymptotic  part  of  the  Ampere  equation,  which  was 
projected  on  the  one-dimensional  space  spanned  by 
A  in  Eq.  (2).  This  yielded  a  closed  scalar  equation 
for  a  in  terms  of  e.  We  omit  this  lengthy  devel¬ 
opment,  and  also  the  ensuing  expansion  procedure, 
that  finally  allowed  us  to  express  the  problem  in  the 
form 

[/?e- r(£)]a3 -|-cr(e)a5  =  O(a^)  (4) 

where  1^,  r(f)  and  (T(e)  are  known,  and  r(0)  =  0. 
Eq.  (4)  has  the  trivial  solution  branch  a  =  0,  which 
corresponds  to  all  the  zero  asymptotic  states  that 
are  attained  when  E{x,t)  Landau-damps  completely 
to  zero  before  the  nonlinear  effects  become  impor¬ 
tant.  Our  elementary  bifurcation  analysis  showed 
that  non-zero  solutions  for  a  can  exist  only  for  ini¬ 
tial  amplitudes  e  near  values  to  which  satisfy  /?  eo  = 
r(eo)-  Near  any  such  “critical  initial  amplitude”, 
Eq.  (4)  has  the  local  non-zero  solution 

+  (5) 

which  (when  positive)  corresponds  to  non-zero  time- 
asymptotic  travelling-wave  solutions.  Since  r(0)  = 
0,  e  =  0  is  a  critical  amplitude;  a  Taylor  expansion 
in  €  shows  that,  if  there  is  a  small  non-zero  critical 
amplitude,  it  must  be  at  ci  =  2(-/?  —  r'(0))/r"(0). 
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Measurements  of  contours  of  resonance 
spectroscopic  lines  of  aluminum  atom  admixture  in 
dense  Xe  plasma  in  dependence  on  the  electron 
concentration  were  carried  out.  To  generate  the 
dense  plasma  the  explosively  driven  generators  of 
rectangular  shock  wave  were  used,  based  on  the 
acceleration  of  metal  impactors  by  the  detonation 
products.  The  shock  waves  generated  by  the 
impactors  in  targets  spreaded  in  gas  investigated, 
creating  plasma.  In  such  experiments  it  was 
measured  the  dependence  of  plasma  radiation 
spectral  intensity  on  time.  Simultaneously  in  every 
experiment  it  was  registered  the  shock  front 
velocity  and  plasma  brightness  temperature.  The 
pressure,  temperature  and  plasma  composition  were 
calculated  by  the  experimental  data  on  shock  wave 
velocity  within  the  Debye  approximation  in  the 
grand  canonical  ensemble  of  statistical  mechanics. 
Registration  of  plasma  radiation  was  performed 
with  application  of  measuring  complex  of  devices, 
such  as  a  spectrograph,  electron-optical  streak 
camera,  readout  CCD  camera  and  four 
photoreceivers  with  bandpass  optical  filters  and 
resolution  up  to  3  ns.  In  the  last  works  we  have 
noted  already  the  appearance  in  the  investigated 
plasma  radiation  spectrum  of  the  lines  of  target 
materials.  In  the  present  work  it  was  used  the 
aluminum  targets  with  a  mirror  surface  with  a  goal 
of  lowering  the  possible  influence  of  target  material 
admixture  on  the  plasma  parameters.  The  particle 
velocity  of  targets  was  5.3  km\s.  A  duplex  A1  I 
394.4-396.1  nm  (transition  4^S  -  3^P)  was  observed 
in  the  region  accessible  in  the  experiments. 
The 


undisturbed  spectrum  line  positions  were 
determined  by  the  standard  spark  spectrum.  The 
spectrum  line  contours  were  calculated  by  electron 
concentrations  from  Grime’s  work  and  were 
compared  with  the  experimental  data.  The  line 
contours  for  optically  thin  layers  were  approximated 
by  the  spectrum  for  plasma  layers  of  finite  (<0.5) 
optical  width.  Concentration  of  atoms  involved  in 
the  absorption  process  was  estimated  by  the 
absorption  coefficient  in  the  line  and  was  N  <  lO'^ 
cc'^.  Fig.l  shows  results  of  the  measurements.  It  is 
readily  seen  that  the  broadening  of  the  lines  at  n^  > 
lO'*  cc"’  largely  exceeds  the  distance  between  them. 
Therefore,  the  lines  of  duplex  are  not  resolved  and 
only  one  broadened  contour  is  observed.  Fig  1 
presents  below  the  form  of  the  observed  lines  of 
aluminum  in  the  spark  discharge  plasma.  The 
vertical  stroke-lines  demonstrate  the  position  of 
undisturbed  lines  and  also  dotted  contours  of  lines 
there  are  the  contours  calculated  by  Stark  tables  for 
neutral  atom  isolated  lines.  Fig.2  shows  the 
broadening  and  shift  dependence  of  the  lines  on 
concentration  of  electrons.  The  experimental  and 
theoretical  values  of  width  of  the  contours  at  their 
half-height  are  presented  here.  The  line  shifts  were 
determined  by  the  line  width  center  position  at  its 
half-height.  The  experimental  data  for  the  electron 
densities  n^  <1.3»10‘^  cc'^  are  in  a  good  agreement 
with  theory  and  the  maximal  relative  disagreement 
between  them  was  found  to  be  for  nj>2.4»10’®  cm' 
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Fig.l.  The  concurs  of  Al-lines  in  Xe  pllasma 


Fig.2.  The  width  and  shift  of  A1  lines 
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Abstract 

We  have  integrated  the  electron  fluid-dynamical 
equations  through  the  dynamical  transition  region 
for  several  wave  speeds  of  breakdown  waves.  This 
article  will  also  report  on  the  variation  of  the  wave 
profile,  i.e.,  electric  field  intensity,  electron  number 
density,  electron  temperature,  and  ionization  rate 
inside  the  sheath  region  as  a  result  of  the  changes  in 
wave  speed. 

Model  and  Theory 

The  propagation  of  electron  driven  shock  waves 
(breakdown  waves)  has  been  previously  investigated 
by  employing  a  one-dimensional,  steady-state,  three- 
component  fluid  model.  A  three-fluid 

hydrodynamical  model  with  a  shock  front,  driven  by 
electron  gas  partial  pressure  was.  first  presented  by 
Paxton  and  Fowler  (1962).  In  their  model,  they 
considered  both  photoionization  and  electron  impact 
ionization  as  two  important  ionization  processes. 
Their  approximate  solutions  had  a  limited  success. 

Breakdown  waves  are  assumed  to  consist  of  a 
shock  front  followed  by  a  dynamical  transition 
region.  The  transition  region,  which  is  somewhat 
thicker  than  a  Debye  length,  will  be  referred  to  as 
the  sheath  region.  In  the  sheath  region,  electrons 
come  to  rest  relative  to  neutrals,  and  the  net  electric 
field  falls  to  zero  at  the  trailing  edge  of  the  sheath. 
The  large  difference  in  electron  and  ion  mobility 
results  in  the  establishment  of  space  charge  and, 
therefore,  of  a  space  charge  field  inside  the  sheath. 
The  net  electric  field  is  the  sum  of  the  applied  field 
and  the  space  charge  field. 

In  our  investigation  of  the  problem,  we  will  use  a 
set  of  three-component  fluid  equations  which  were 
completed  by  Hemmati  and  Fowler  (1984).  The  set 
of  equations  consists  of  equations  of  conservation  of 


mass,  momentum,  and  energy,  coupled  with 
Poisson’s  equation.  In  dimensionless  variables  they 
are  respectively: 

II 

(1) 

{j/V’(V’  —  1)  +  au9}  zz  —  i/Tj  —  Ku[\j)  —  1), 
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The  dimensionless  variables  are: 
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In  the  above  equations,  t/,  r/i,  0,  p,  k,  t],  and  ^ 
are  the  dimensionless  electron  concentration,  electron 
velocity,  electron  temperature,  ionization  rate,  elastic 
collision  frequency,  electric  field,  and  position  inside 
the  wave,  respectively.  The  symbols  m,  e,  n,  and  Tg 
represent  electron  mass,  charge,  number  density,  and 
temperature  inside  the  sheath,  and  /?,  <^,  V,  M,  Eq 
are  ionization  frequency,  ionization  potential,  wave 
velocity,  neutral  particle  mass,  and  electric  field  at 
the  wave  front. 

Analysis 

In  our  approach  to  solving  the  equations,  we  have 
been  able  to  place  the  singularity  inherent  in  the 
equations  in  the  denorninator  of  the  momentum 
integral. 


dijj  _  k(1+h){1  KnaS -T]ip  -  Qip6' 

A  zero  denominator  in  the  momentum  integral 
represents  an  infinite  value  for  the  electron  velocity 
derivative  with  respect  to  the  position  inside  the 
sheath.  This  condition  requires  the  existence  of  a 
shock  inside  the  sheath  region,  which  is  not  allowed. 
The  numerator  in  the  equation,  therefore,  has  to 
become  zero  at  the  same  time  that  the  denominator 
becomes  zero.  In  the  process  of  integration  of  the 
equations  through  the  sheath  region,  comparing  the 
numerator  and  denominator  values  allows  us  to 
choose  correct  initial  parameters  by  trial  and  error. 
Results 

For  nitrogen  gas  and  for  proforce  waves  moving 
into  a  nonionized  medium  we  have  been  able  to 
integrate  the  set  of  electron  fluid-dynamical 
equations  for  five  different  values  of  a:  0.01,  0.1, 
0.25,  0.5,  and  1.  a  =  0.01  represents  a  feist  moving 
■wave  with  a  speed  of  3  x  10^  m/s,  and  cr  =  1 
represents  a  slow  moving  wave  with  V  =  3  x  10® 
m/s.  For  slow  waves,  the  singularity  becomes  very 
sharp  and  the  passage  through  the  singularity 
becomes  very  time  consuming.  We  were  able  to 
integrate  the  set  of  equations  for  a=  4;  however,  the 
passage  through  the  singularity  required  keeping  the 
values  of  numerator  and  denominator  in  equation  5 
constant  for  up  to  40  integration  steps.  This 
introduces  a  large  kink  at  the  singularity  and; 
therefore,  we  have  discarded  a  =  4  (V  =  1.48  x  10® 
m/s)  from  the  range  of  wave  speeds  in  our  graphs. 
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FIG.1.  Electric  field  as  a  function  of  position  inside  the  sheath. 


FIG.  3.  Electron  number  density  as  a  function  of  position  inside  the  sheath 


FIG.  4.  lonlzatior>  rate  ae  a  function  of  position  inside  the  sheath 


The  solution  for  the  electron  fluid-dynamical 
equations  seems  to  present  a  cut-off  point  in  the 
wave  speeds  at  approximately  10®  m/s.  Scott’s 
(1976)  report  is  the  result  of  extensive  experimental 
measurements  of  initial  electric  breakdown  wave 
speed  in  nitrogen  and  argon  as  a  functidn  of  local 
electric  field  at  the  wave  front.  His  reported  lowest 
speed  magnitude  is  of  the  order  of  10®  m/s. 

For  a  fast  moving  wave,  Hemmati  (1995)  has 
presented  the  wave  profile  for  current  bearing  waves 
at  the  XXII  International  Conference  on  Phenomena 
in  Ionized  Gcises.  The  four  diagrams,  however, 
represent  the  complete  wave  profile  for  the  above 
mentioned  range  of  wave  speeds.  Figure  1  represents 
the  dimensionless  electric  field,  rj,  as  a  function  of 
dimensionless  position,  inside  the  sheath.  For  all 
wave  speed  values,  as  required  by  physical 
conditions,  the  net  electric  field  approaches  a 
minimal  value  at  the  end  of  the  sheath  and  its 
derivative  with  respect  to  position  approaches  zero 
(-^  — ♦  0).  The  next  three  graphs  represent  wave 
profiles  for;  electron  temperature,  6,  electron  number 
density,  i/,  and  ionization  rate,  fi,  cis  a  function  of 
position,  inside  the  sheath. 

"  At  the  shock  front,  for  selected  wave  speeds,  a, 
the  values  of  electron  number  density,  j/j,  electron 
velocity,  Vq.  and  the  values  of  wave  constant,  k,  for 
successful  integration  of  the  electron  fluid-dynamical 
equations  are: 


a  =  0.01,  K  =  1.239718,  j/j  =  0.023,  =  0.327 

a  =  0.1,  It  =  1.071818,  =  0.235,  Vi  =  0.29125 

a  =  0.25,  K  =  0.959363,  =  0.666,  ip^  =  0.26016 

a  =  0.5,  /c  =  1.08576,  j/j  =  1.05,  V’l  =  0.25375 
a  =  1,  «  =  1.0426635,  =  2.1,  Vi  =  0.2071 

Conclusion 

The  graphs  indicate  that  for  slow  waves:  a)  the 
sheath  thickness  is  larger,  b)  the  electron  number 
density  is  larger  at  the  shock  front  and  decreases 
toward  the  end  of  the  sheath,  c)  the  ionization  rate 
has  a  small  value  at  the  shock  front  and  it  reduces 
to  very  small  values  at  the  trailing  edge  of  the  wave. 
The  electron  temperature,  0,  at  the  shock  front  for 
fast  waves  has  a  large  value,  and  as  expected,  it 
reduces  to  small  values  at  the  end  of  the  sheath. 
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1  Introduction 

There  are  few  reports  on  dynamic  behavior  of  a 
sheath,  especially  the  sheath  instability.  Stenzel  [1,2] 
reported  on  the  instability  nearby  the  electron  plasma 
frequency  in  the  electron  sheath.  On  the  other  hand, 
Ohno  et  al.  [3,4]  observed  the  chaotic  phenomenon  of 
the  ion  sheath  instability  in  the  dc  current  system  using 
a  double  plasma  (D.P.)  device.  As  an  excitation  mecha¬ 
nism  of  this  instability,  they  proposed  a  bimching  model 
that  the  ion  sheath  instability  is  excited  by  the  bounce 
motion  of  ions  in  an  asymmetric  sheath  potential  and 
the  frequency  of  this  instability  is  given  by  a  reciprocal 
of  their  sheath  transit  time.  Piel  et  al.  [5]  reported  the 
oscillations  of  the  ion  sheath  on  the  low  density  side  of 
the  negatively  biased  grid  in  D.P.  device,  and  called 
“virtual  anode  oscillations”  in  analogy  to  virtual  cath¬ 
ode  formation  in  electron  diodes.  They  concluded  that 
the  frequency  locking  among  three  oscillations  (the 
virtual  anode  oscillation,  the  reciprocal  of  the  sheath 
transit  time  and  the  ion  plasma  frequency  at  the  sheath) 
provides  the  coherent  frequency  spectrum  of  the  ion 
sheath  oseillation. 

It  is  well  known  that  negative  ions  play  an  impor¬ 
tant  role  in  space  plasma  and  processing  plasma.  Stud¬ 
ies  of  the  static  sheath  were  reported  by  many  research¬ 
ers  [6].  However,  there  are  no  reports  on  the  dynamic 
behavior  of  the  sheath  in  a  negative  ion  plasma.  In  this 
paper,  we  report  the  experimental  results  on  the  ion 
sheath  instability  in  multi-component  plasmas  contain¬ 
ing  negative  ions. 

2  Experimental  Apparatus 

We  use  a  D.P.  deviee  whose  diameter  and  length  are 
50  cm  and  100  cm,  respectively.  The  dc  discharge  be¬ 
tween  the  filaments  and  the  chamber  wall  produces  an 
argon  plasma.  Negative  ions  are  generated  by  electron 
attachment  to  SFg  and,  as  a  result,  a  multi-component 
plasma  is  formed.  The  fine-meshed  grid  at  the  center  of 
this  device  divides  the  plasma  into  two  regions.  Plasma 
parameters  are  measured  with  a  6  mm  diam.  plain 
Langmuir  probe.  In  the  target  region,  the  electron  tem¬ 
perature  and  plasma  density  is  1.0~1.5  eV  and  (1~3) 
X  10*  cm'^,  respectively.  In  the  driver  region,  the 
plasma  density  is  below  one  tenth  of  that.  The  negative 
ion  concentration  a,  is  estimated  from  the  ratio  of  the 
electron  saturation  current  with  negative  ions  to  that 


without  those.  The  separation  grid  is  grounded  through 
the  power  supply  Vg  and  the  resistor.  Perturbations  of 
the  current  are  obtained  from  the  voltage  drop  across 
the  resistor  and  are  analyzed  with  a  spectrum  analyzer. 
The  chamber  is  evacuated  to  below  1.0X10“®  Torr. 
Gases  are  correctly  introduced  into  the  chamber  with 
the  mass  flow  controller  (MFC).  In  this  experiment,  the 
{U'gon  gas  and  the  SFs  gas  are  introduced  with  the  flow 
rate  9.0  seem  (3.0 XIO""*  Torr)  and  1.0  seem  max, 
respectively. 

3  Experimental  Results  and  Discussion 

We  investigate  the  change  of  the  static  sheath  width 
with  a,  where  this  width  is  obtained  by  the  axial  profile 
of  the  ion  saturation  current.  When  a  is  increased,  the 
sheath  width  widens.  The  existence  of  negative  ions 
causes  the  shield  of  the  ion  movement  to  the  sheath,  and 
the  ion  current  flowed  into  the  sheath  decreases,  sug¬ 
gesting  that  the  sheath  widens. 

When  the  plasma  density  of  the  target  region  in  the 
D.P.  is  more  dense  than  the  driver  region  and  the  sepa¬ 
ration  grid  is  biased  negatively,  the  ion  sheath  instabil¬ 
ity  is  excited.  In  this  case,  we  observe  oscillating  com¬ 
ponents  of  the  grid  current  with  the  spectrum  analyzer. 
A  very  sharp  peak  of  the  oscillation  is  found  near  the 
half  of  the  ion  plasma  frequency.  We  investigate  the 
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Fig.l:  Dependence  of  (a)  frequency  and  (b)  amplitude 
of  the  instability  on  the  sheath  width.  The  sheath- 
widthis  changed  by  the  bias  voltage  Vg. 
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Fig.2:  Dependence  of  the  frequency  on  a  reciprocal  of 
twice  sheath  width,  d  is  the  sheath  width 

dependence  of  the  frequency  and  amplitude  of  this  in¬ 
stability  on  a,  where  the  bias  voltage  to  the  grid  is  kept 
constant.  As  a  becomes  larger,  both  the  frequency  and 
amplitude  decrease.  Since  the  sheath  transit  time  is 
prolonged  by  the  sheath  widening,  the  frequency  de¬ 
crease  .  Figure  1  (a)  shows  the  dependence  of  the  fre¬ 
quency  of  the  instability  on  the  sheath  width  for  various 
a.  The  sheath  width  is  changed  by  the  bias  voltage  Vg. 
Figure  2  indicates  the  dependence  of  the  frequency  on  a 
reciprocal  of  twice  sheath  width.  As  seen  from  Fig.  1  (a) 
and  2,  the  measured  frequency  is  in  inverse  proportion 
to  the  width  and  the  dependence  of  the  frequency  on  the 
sheath  width  is  independent  of  a.  The  relationship  be¬ 
tween  the  frequency  of  the  instability  and  the  sheath 
width  suggests  that  the  excitation  mechainism  of  the 
observed  instability  is  explained  by  the  ion  bunching 
model.  Figure  1  (b)  shows  the  dependence  of  the  ampli¬ 
tude  on  the  sheath  width.  Increasing  a,  the  region 
where  the  instability  is  excited  tends  to  become  narrow. 
If  the  negative  ions  contribute  only  to  the  change  of  the 
static  sheath  width,  such  behaviors  of  the  instability  is 
not  observed.  Figure  1  (b)  shows  that  the  negative  ions 
change  the  dynamic  behavior  of  the  sheath.  As  a  result, 
the  growth  rate  of  the  instability  becomes  small  and  the 
instability  finally  disappear  at  a  certain  small  a.  Fur¬ 
thermore,  its  excitation  region  become  narrow. 

Figure  3  shows  the  potential  gaps  A<ti(=  (fin  -  <!>?)  b®' 
tween  the  plasma  potential  of  the  driver  region  ((>0  and 
the  target  region  (|)t  as  fimctions  of  grid  bias  Vg.  Here, 
the  plasma  potentials  are  measured  with  the  Langmuir 
probes  which  are  located  in  the  plasma  region.  When 
the  instability  is  excited,  (t>D  increases  and  Acj)  becomes 
positive  value,  while,  (jir  does  not  change  so  much.  That 
is,  the  ions  injected  from  the  target  region  are  reflected 
by  the  potential  wall  on  the  driver  side  and,  as  a  results, 
the  instability  is  excited.  This  indicates  that  the  driver 
plasma  potential  depend  on  the  grid  bias  and  there  is 
possibility  that  the  local  swell  as  the  virtual  anode  oscil¬ 
lations  at  the  sheath  of  the  driver  side  exist.  This  swell 


or  the  average  of  this  swell  rise  the  plasma  potential. 
Therefore,  the  potential  gap  A(t)  comes  to  a  positive 
value  at  a  certain  Vg  and  the  sheath  instability  is  ex¬ 
cited,  although  A(t)  is  a  negative  value  at  low  Vg.  The 
similar  behaviors  are  also  observed  in  a  negative  ion 
plasma. 


Fig.3;  The  potential  gaps  A(t)(=  <j)D  -  (1>t)  as  fimctions  of 
Vg.  (Filled  marks;  instability  is  excited) 


4  Conclusion 

We  observe  the  ion  sheath  instability  in  a  negative 
ion  plasma.  The  frequency  of  this  instability  is  in  in¬ 
verse  proportion  to  the  sheath  width  and  the  dependence 
of  the  frequency  on  the  sheath  width  is  independent  of  a. 
We  conclude  from  these  results  that  the  excitation 
mechanism  of  the  observed  instability  is  explained  by 
the  ion  bunching  model.  When  the  negative  ion  concen¬ 
tration  a  is  increased,  the  growth  rate  of  the  instability 
become  small.  As  a  result,  the  region  where  the  instabil¬ 
ity  is  excited  tends  to  become  narrow.  The  plasma  po¬ 
tential  of  the  driver  side  depends  on  grid  bias  Vg  and 
there  is  possibility  that  the  dynamic  behavior  of  the 
sheath  on  driver  side  change.  From  this  result,  the  be¬ 
havior  of  the  sheath  on  the  driver  side  also  play  an  im¬ 
portant  role  in  the  excitation  of  this  instability. 
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Langmuir  probes  are  generally  used  to  determine  the 
electronic  temperature  and  density  [1]  in  plasmas.  In 
order  to  measure  these  quantities,  an  I-V  characteristic 
curve  is  obtained  by  sweeping  the  probe  voltage.  When 
the  plasma  is  unstable  or  turbulent,  fast  sweeping  is 
required.  To  measure  the  electron  density  fluctuations  in 
turbulent  plasmas,  the  scanning  frequency  has  to  vary 
from  30  kHz  to  1  MHz.  For  frequencies  greater  than 
100  Hz,  the  noise  due  to  the  RC  characteristics  cf 
coaxial  cables  is  not  negligible.  This  is  all  the  more 
true  since  the  probe  electronic  saturation  is  weak.  To 
reduce  this  phenomenon,  a  dual-cable  method  has  been 
developed  by  Yang  et  al  [2]  for  frequencies  less  than  1 
kHz.  The  method  consists  in  doubling  the  measuring 
circuit.  The  second  circuit  suppUes  a  dummy  cable.  The 
noise  due  to  durtuny  cable  is  removed  from  the 
measured  signal.  The  objective  of  this  work  is  to  adapt 
this  method  to  the  30  kHz  - 1  MHz  frequency  range. 


Fig.  1.  General  scheme  of  the  dual-cable  circuit 


Figure  1  shows  the  general  scheme  of  the  measuring 
circuit.  The  sweeping  voltage  of  14  V  amplitude  is 
generated  by  aTGSOl  THANDAR  function  generator. 
Its  frequency  range  is  from  0.005  Hz  to  5  MHz.  In  order 
to  insulate  the  measuring  set-up,  the  power  supply 
output  is  fed  to  the  primary  winding  of  a  transformer 
which  has  two  secondary  windings.  The  voltage  of  the 
first  secondary  winding  is  applied  to  the  probe  circuit. 
The  tension  is  amplified  three  times  before  being 
applied  to  the  probe.  The  other  winding  is  cormected  to 


an  equivalent  circuit  which  supplies  the  dummy  probe. 
The  probes  are  a  0.2  nun  diameter  tungsten  round  tip  , 
insulated  by  an  alumina  tube.  The  BNC  coaxial  cable  is 
soldered  with  a  fined  copper  wire  which  is  twisted 
around  the  probe.  This  setting  is  inserted  in  a  stainless- 
steel  tube.  The  active  and  dummy  probes  are  of  the 
same  type,  equal  in  length.  To  prevent  ground  loop,  the 
groimd  of  each  instrument  is  cormected  to  the  same 
reference.  The  probes  signals  are  recorded  by  tte 
differential  comparator  of  the  DSA  602A  Tektronix 
numerical  oscilloscope. 

Fig  2  :  (a)  triangular  sweeping  voltage  (b)  indu¬ 
ced  noise  from  the  dummy  or  active  probe 


However  the  characteristics  of  the  two  circuits  are 
shghtly  different,  since  the  components  (resistors, 
amplifiers...)  are  not  exactly  the  same.  Thus  the  active 
and  dummy  probes  noises  are  slightly  different.  The 
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adjustment  of  two  variable  resistors  in  each  circuit 
compensates  the  diffeieivce  in  impedance,  in  order  to 
make  equal  the  noises  in  amplitude  and  in  form. 
Figure  2b  shows  the  noise  signal  without  plasma  when 
a  200  kHz  sweeping  voltage  (Figure  2a)  is  applied.  The 
superimposing  of  the  two  noises  on  the  oscilloscope 
allows  the  tuning  of  the  setting.  The  firve  adjustment  is 
made  by  minimising  the  difference  between  the  noises. 
The  uncompensated  noise  amplitude  increases  as  a 
function  of  the  sweeping  fiequency  as  shown  in 
Figure  3. 
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Fig  3  :  Evolution  of  the  induced  noise  as 
a  function  of  the  sweeping  frequency 
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This  method  has  been  validated  in  a  low  pressure  CO2  - 
Nj  arc  plasma  jet  and  has  been  used  to  study  a  low 
pressure  supersonic  turbulent  argon  inductive  plasma. 
The  aim  of  this  work  is  to  understapd  the  electron 
density  behaviour  in  the  turbulent  jet.  The  latter  is 
determined  by  several  interacting  processes.  Especially, 
coupling  between  kinetics  and  turbulence  seems  to  be  cf 
great  importance.  In  order  to  focus  on  this  interaction, 
the  argon  gas  has  been  chosen  for  its  well-known  simple 
chemistry.  The  argon  gas  is  injected  in  a  distilled  water- 
cooled  double-wall  quartz  chamber  which  is  the 
discharged  chamber.  The  plasma  is  produced  at 
atmospheric  pressure.  The  generator  has  a  100  kW 
power  and  a  1.70  MHz  frequency.  The  injected  power 
is  40  kW.  After  a  water-cooled  copper  corrvergent 
nozzle,  the  plasma  jet  is  expanded  in  the  test  vacumn 
chamber  at  a  pressure  of  50  mbar.  The  turbulence  is 
created  by  a  tungsten  grid  fixed  10  cm  downstream  the 
nozzle  exit.  The  Langmuir  probe  is  placed  behind  the 
grid.  Radial  and  axial  I-V  characteristics  have  been 
obtained,  but  are  perturbed  by  the  electromagnetic  effects 
of  the  inductive  torch.  Currently,  the  1.5  -  1.8  MHz 
frequency  range  rejected  filters  are  under  construction  to 
eliminate  this  electromagnetic  noise. 

In  conclusion,  this  work  has  shown  that  for  the  30  kHz 
- 1  MHz  frequency  range  the  use  of  a  dual-cable  method 
allows  to  reduce  the  RC  induced  noises.  By  adding  a 
dummy  probe  and  adjusting  the  impedance  of  the 
circuits,  the  noises  are  minimised.  This  method  allows 
to  measure  the  fluctuations  of  the  electron  density  by 
Langmuir  probes  in  turbulent  plasmas. 


1-220 


Computer  simulation  of  two-plasmon  decay  instability  excited  by  a 
strong  running  pump  wave  in  two-species  plasma 
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M.V. Keldysh  Institute  of  Applied  Mathematics,  Miusskaya  Square  4,  Moscow  125047,  Russia 


1.  Introduction 

Two  dimensional  problem  on  parametric  excitation 
of  plasma  at  ojq  near  the  double  frequency  is  investi¬ 
gated  in  the  frame  of  Vlasov-Poisson  equations  via 
particle  simulation  using  a  special  highly  optimized 
version  of  the  object-oriented  code  SUR  [1]. 

Two  cases  of  (3.1.)  pure  electron  and  (3.2.)  electron- 
ion  plasmas  are  compared  to  one  other  to  study  the 
joint  action  of  both  the  two  plasmons’  decay  and 
modulation  instabilities. 

2.  Computational  model 

We  simulate  the  plasma  with  electrostatic  PIC  model 
in  2D  space-bounded  double  periodic  region  (64 Ap  x 
64A£)).  Pump  wave  has  the  form  Ex{x,y,t)  = 
Eo  cos{u!ot  —  kyy)  and  its  amplitude  was  linearly  in¬ 
creasing  from  0  up  to  Eq  value  over  first  3  plasma  os¬ 
cillations.  For  the  sake  of  computational  succession 
the  runs’  parameters  uo/uip  =  2.027;eEo/mVTi^o  = 
2  were  chosen  to  be  close  to  ones  used  in  pioneer 
computer  simulation  [2]  by  Dawson  and  Kruer  (1971) 
for  the  special  case  of  the  one-species  electron  plas¬ 
ma  with  the  fixed  positive  ion  background.  For  the 
case  of  original  simulation  with  mobile  ions  (3.2.)  the 
model  relation  rrie/mi  —  1/100  was  chosen. 

3.  Results 

3.1.  Pure  electron  plasma  with  homoge¬ 
neous  ion  background 

Under  an  appropriate  pump  wave  intensity  the  para¬ 
metric  instability  develops  with  the  threshold  and 
the  growth  rate  being  in  a  satisfactory  agreement 
with  Jackson’s  theory  [3]. 

The  spectrum  of  excited  electric  field  modes  is  dis¬ 
crete.  This  fact,  along  with  decay  conditions  of  en¬ 
ergy  and  moment  conservation.  Essentially  affects 
the  choice  of  growing  unstable  modes  with  maximal 
growth  rates.  For  example,  in  the  computational 
region  under  consideration  the  pure  diagonal  mode 
(1,1)  of  maximal  growth  rate  is  accompanied  by  the 
(0,-1)  mode  with  a  lower  amplitude. 

The  curve  of  time  dependence  for  the  a;-component 
of  electrostatic  energy  lies  higher  than  one  for  the 
j/-component  (Fig.l).  The  first  break  (to  side  of  de¬ 
creasing)  on  the  curves  of  time  dependence  of  the 
dimensionless  average  and  maximal  wave  energy  den¬ 


sities  corresponds  to  the  achieved  level  of  the  order  of 
unite,  i.e.  to  transition  to  a  strong  nonlinear  stage. 
Growth  of  the  dimensionless  average  and  maximal 
wave  energy  densities  continues  up  to  the  values  1.5 
and  9.  correspondingly.  Saturation,  followed  by  a 
sharp  exponential  sloping  down  towards  the  corre¬ 
sponding  values  0.1  and  0.2-0. 3,  is  conditioned  by  the 
beginning  of  nonlinear  waves’  overturning  (Fig. 2). 

A  significant  growth  of  the  electron  kinetic  ener¬ 
gy  begins  with  the  strong  nonlinear  stage,  realizes 
mainly  at  the  stage  of  a  pronounced  verturning,  and 
then  achieves  (for  the  x-component)  the  ten  times 
increase  (for  the  y-component  it  is  20%  lower).  The 
great  bulk  of  this  energy  is  concentrated  at  an  asym¬ 
metric  cloud  of  fast  electrons  with  maximal  velocities 
being  16-18  times  higher  than  thermal  ones. 

The  formation  of  such  prolonged  high-energetic  elec¬ 
tron  ‘tails’  in  the  velocity  space,  from  one  hand,  and 
a  relative  nearness  of  the  initial  pump  wave  intensity 
to  its  threshold  value,  from  other  hand,  lead  to  an  ef¬ 
fective  ‘switching  off’  the  pump  wave,  i.e.  transform 
our  system  into  ‘sub-threshold’  regime. 

3.2.  Simulation  with  mobile  ions 

Linear  stage  of  parametric  instability  appears  in  the 
same  modes,  but  with  a  bit  smaller  growth  rate,  as 
compared  to  case  3.1.  (Fig.l). 

The  pronounced  formation  of  density  cavities  is  ob¬ 
served  at  the  strong  nonlinear  stage:  the  movement 
of  the  electrostatic  waves’  envelope  dies  down,  the 
number  and  shape  of  quasi-onedimensional  cavities 
meet  a  ponderomotive  force  profile,  the  cavities  be¬ 
come  deeper  (Fig. 3, 4).  Therewith,  as  contrasted  to 
ca.se  3.1.,  the  observed  growth  rate  becomes  to  be  ap¬ 
proximately  the  modulation  instability  growth  rate 
value  higher.  (Fig.l) 

The  saturation  stage  begins  earlier  then  in  the  case 
3.1.  Correspondingly  the  saturation  level  is  lower, 
and  tends  approximately  to  1.5  for  the  maximal  di¬ 
mensionless  wave  energy  density  value. 

The  saturation  process  is  conditioned  by  formation  of 
a  ‘continuous’  short  wave  spectrum  (connected  with 
the  modulation  self-focusing  of  cavities)  accompa¬ 
nied  by  a  quick  generation  of  high-energetic  electron 
‘tails’  due  to  Landau  mechanism.  The  number  of  su- 
perthermal  electrons  is  considerably  higher  then  in 
case  3.1.,  though  their  maximal  energies  are  lower. 
As  result  the  total  income  of  kinetic  electron  energy 
is  almost  twice  lower  then  in  case  3.1. 
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Fig  1.  Time  dependence  of  average  electrostatic 
energy  for  3.1.  (a.,  b.)  and  3.2.  (c.,  d.)  cases. 

Absorption  of  the  hf  contents  of  cavities  is  accompa¬ 
nied  (with  a  corresponding  initial  ions’  delay)  by  gen¬ 
eration  of  quasi-onedimensional  oblique  ion  sound 
waves  (Fig. 4).  At  this  stage  it  is  easy  to  observe  a 
relatively  slow  heating  mechanism  caused  by  a  di¬ 
rect  conversion  of  the  pump  wave  into  short  wave 
plasmons  with  the  help  of  the  ion  density  ‘comb’. 
Like  the  case  3.1.  for  the  similar  reasons  the  system 
comes  to  a  ‘sub-threshold’  regime. 

4.  Conclusions 

Thus  in  our  first  2D  computer  experiments  on  the 
parametric  two  plasmon  decay  taking  into  account 
the  ions’  mobility  we  observed  in  detail  practically 
all  the  variety  of  nonlinear  effects  caused  by  the  joint 
action  of  parametric  and  modulation  instabilities  as 
known  in  general  from  the  strong  Langmuir  turbu¬ 
lence’s  theory  and  some  related  computer  simulation 
[4] .  The  work  is  in  progress  [5] 
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Fig  2.  Case  3.1.  Snap  shots  of  electrostatic  po¬ 
tential  <p{x,  y)  for  sequential  time  moments. 
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Fig  3.  The  same  value  for  the  mobile  ions  simu¬ 
lation  (3.2.) 
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Fig  4.  Snap  shots  of  ions  density  n,(a;,?/)  for  se¬ 
quential  time  moments. 
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In  a  recent  paper  [1],  the  processes  of  spontaneous 
excitation  of  instabilities  in  the  long-wave  part  of 
certain  quasi-perpendicular  electrostatic  ion-cyclo¬ 
tron  (QPESIC)  modes  in  weakly  ionized  plasmas 
containing  singly,  doubly  and  triply  charged  ions 
originating  from  the  same  atomic  species  were  anal¬ 
ysed.  It  was  assumed  that  the  ions  have  Maxwel¬ 
lian  distribution  functions  characterized  by  a  com¬ 
mon  temperature  7),  which  may  be  different  from 
that  of  electrons  T*  (e.g.  this  is  encountered  in 
gas  discharges).  It  was  also  assumed  that  a  ’’strict” 
billiard-ball  model  for  collisions  (t'e/^'ii  =  ^Te/‘^>Tis, 
s  =  1,2,3)  may  be  applied  [2,3],  and  that  a  small 
percentage  of  the  ions  is  in  the  state  of  double 
or  triple  ionization,  which  corresponds  to  compar¬ 
atively  low  ion  temperature. 

In  the  present  paper,  the  same  problem  is  recon¬ 
sidered  using  the  same  evaluation  procedures  and 
focusing  attention  on  the  same  six  IC  modes  (w  ss 
Qi  =  Iujb\,  I  =  1,2,  ...,6).  Thus,  the  ions  A'^  are 
’’resonant”  with  all  these  modes,  whereas  and 
A^'^  may  be  either  ’’resonant”  or  ” non-resonant”, 
depending  on  1.  However,  here  one  assumes  that 
the  ion  temperature  has  higher  values  than  in  [1] 
(e.g.  the  electric  field  in  the  discharge  is  of  larger 
intensity).  Thus,  the  relative  ionic  concentrations 
n,  =  n,/{niATi2-¥nz)  are  now  different;  in  particu¬ 
lar,  the  concentration  of  triply  ionized  atoms  is  aug¬ 
mented.  The  results  arrived  at,  if  juxtaposed  with 
those  of  [1],  are  expected  to  allow  a  better  quantita¬ 
tive  insight  in  the  role  of  relative  ion  concentrations 
in  the  processes  of  spontaneous  excitation  of  the  in¬ 
stabilities  studied. 

From  the  general  dispersion  equation  for  the  long¬ 
wave  part  of  the  QPESIC  modes  in  multi-ion  plas¬ 
mas  [1,3],  applied  to  the  situation  studied,  one  ob¬ 
tains  the  spectra  and  the  threshold  electron  drifts. 
The  results  for  the  spectra  are  illustrated  by  Figs.  1 
and  2,  which  show  u/u)bi  vs.  /lxi  = 
the  six  modes  analysed,  in  plasmas  with  rii  =  0.60 
and  either  712  =  03  =  0.20  (unbroken  lines)  or 
02  =  0.30,  03  =  0.10  (dotted  lines),  for  two  non- 
isothermalities,  t  =  5  and  r  =  10  (r  =  Te/TJ);  the 
dotted  lines  in  Fig.  2  reproduce  the  results  of  [1], 
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and  are  given  here  for  the  sake  of  comparison.  It  can 
be  seen  that  the  increase  (doubling)  of  ns  (unbroken 
lines)  alters  noticeably  the  spectra  of  the  modes  I  = 
2,3  and  4.  More  precisely,  one  sees  diminishments 
of  maximum  deviations  of  w  from  Iwbi  for  1  =  2 
and  /  =  4  (ions  are  ” non-resonant”),  and  to  its 

enhancement  for  /  =  3  (ions  are  ’’resonant”). 
This  trend  agrees  with  the  previous  results  [3]  for 
the  two-ion  plasmas  with  singly  charged  ions  of  two 
atomic  species. 


Figure  3. 


Figure  4. 


Figures  3  and  4  show  the  results  for  the  threshold 
drifts,  U*  =  {u/vTi)thr{mJmiYl*.  Figure  3  corre¬ 
sponds  to  the  plcisma  compositions  in  Figs.  1  and 
2  (with  the  same  meaning  for  unbroken  and  dotted 
lines),  and  Fig.4,  corresponding  to  rii  =  0.80  and 
either  n2  =  na  =  0.10  (unbroken  lines)  or  na  =  0.15 
and  riz  =  0.05  (dotted  lines),  is  given  for  compari¬ 
son  with  Fig.  3.  Apart  from  the  fact  that  the  curves 
shown  exhibit  the  well-known  general  behaviour  (a 
minimum  for  r  1,  and  a  monotonic  increase  for 
r  >  1),  it  can  be  seen  that  the  doubling  of  na  raises 
the  threshold  drifts,  the  effect  being  more  prominent 
in  even  harmonics.  However,  a  comparison  of  the 
unbroken  curves  in  Fig.  4  with  the  dotted  ones  in 
Fig.  3  (both  sets  of  curves  correspond  to  na  =  0.10 
shows  that  the  increase  of  na  (with  ensuing  decrease 
of  ni)  tends  to  diminish  the  threshold  drifts  of  /  =  5 
and  1  =  6,  and  to  enhance  it  in  the  case  of  lower 
harmonics.  This  effect,  together  with  the  drift  in¬ 
version  at  the  lower  harmonics  (for  1  <  r  <  4,  the 
gradual  increase  of  the  drift  results  in  the  onset  of 
/  =  3  first,  then  /  =  1  and  /  =  2;  for  4  <  r  <  10, 
the  order  of  appearance  of  the  instabilities  is  /  =  1, 
/  =  3,  /  =  2),  can  be  attributed  to  the  influence  of 
the  off-resonance  terms  [1,3]. 
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It  was  shown  previously  that  both  different  ion 
charge  numbers  [1,2]  and  different  ion  temperatures 
[3,4],  taken  separately,  are  factors  of  importance 
in  the  processes  of  spontaneous  excitation  of  in¬ 
stabilities  in  the  Icing-wave  parts  of  certain  quasi¬ 
perpendicular  electrostatic  ion-cyclotron  (QPESIC) 
modes  by  an  electron  drift  parallel  to  the  magnetic 
lines  of  force.  It  seems,  therefore,  worthwhile  to 
study  the  situation  in  which  both  factors  act  si¬ 
multaneously.  The  present  paper  deals  with  weakly 
ionized  plasmas  containing  ions  A'^  and  orig¬ 

inating  from  the  same  atomic  species  and  having 
Maxwellian  distributions  with  temperatures  Ti  and 
T2.  It  is  assumed  that  a  ’’strict”  billiard-ball  model 
for  collisions  {ue/ui,  =  VTe/vris,  «  =  li2)  is  valid. 
The  analysis  is  based  on  linear  perturbation  the¬ 
ory  and,  more  specifically,  on  the  results  of  the 
theory  corresponding  to  multi-ion  plasmas  [1,3,5]. 
Two  modes  are  studied  in  detail:  (A)  w  «  — 

u>b2  =  2wr3i  (both  ion  species  are  ’’resonant”  with 
the  wave),  and  (B)  w  «  Db  =  ubi  (doubly  charged 
ions  are  ” non-resonant”). 

From  the  general  dispersion  equation  for  the  long¬ 
wave  parts  of  the  QPESIC  modes  in  multi-ion  plas¬ 
mas  [1,3,5],  adapted  for  the  two  modes  studied 
presently,  the  expressions  for  the  modal  spectra 
and  for  the  threshold  electron  drifts  are  obtained. 
As  an  illustration  of  these  results.  Figs.  1  and  2 
show  graphs  of  w/D  vs.  fii  {fii  = 

T  =  T1/T2  =  0.2  (bold  lines)  and  T  =  b  (thin  lines), 
with  T  =  Te/Ti  =  10.  The  curves  shown  pertain  to 
three  selected  compositions,  as  specified  by  the  val¬ 
ues  of  the  parameter  ni  =  ni/(7ii  -|-  1x2),  ni  and  t»2 
being  the  number  densities  of  A’^  and  A"*"*"  respec¬ 
tively,  viz.  rii  =  0.25  (unbroken  lines,  both  bold  and 
thin),  ni  =  0.50  (dashed  lines)  and  ni  =  0.75  (dot¬ 
ted  lines).  It  should  be  noticed  that  the  maximum 
deviations  of  w  from  corresponding  are  particu¬ 
larly  large  and  occur  at  very  large  values  of  /ii  in 
the  case  of  mode  (A),  provided  that  the  ions  A"*"  are 
hotter  of  the  two  ion  species. 

The  threshold  drifts  are  obtained  from  the  imag¬ 
inary  parts  of  the  dispersion  equations  studied,  and 
are  of  the  form  {u/vTi)thr  =  {‘mi/rn'cY^^  U*  (ions 


Figure  1. 


Figure  2. 
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A"*"  and  A'*"''  have  practically  the  same  mass,  m;). 
Figure  3  shows  the  graphs  of  U*  vs.  ni,  again  for 
r  =  10  and  T  =  0.2 ,  1  and  5  (curves  for  T  =  1 
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[5]  B.S.  Milic  and  D.Z.  Gajic;  Contr.  Papers  of 
the  SPIG  15  (Dubrovnik,  1990),  p.  354 


are  included  for  the  sake  of  comparison  with  the 
previous  results);  unbroken  lines  pertain  to  mode 
(A),  dotted  lines  to  mode  (B).  Apart  fi;om  the  eas¬ 
ily  recognized  feature  of  the  excitation  being  facil¬ 
itated  (the  threshold  drift  lowered)  if  the  percent¬ 
age  of  the  ’’resonant”  ions  is  augmented  (or  that  of 
the  ’’resonant”  ions  with  lower  IC  harmonic,  if  both 
species  are  ’’resonant”),  a  somewhat  unusual  trait 
can  be  seen  in  the  curve  pertaining  to  the  mode  (A) 
if  T  =  5.  Namely,  here  the  augmentation  of  ni  en¬ 
tails  a  decreeise  of  the  threshold  drift,  although  this 
augmentation  means  the  gradual  transition  from  the 
first  IC  harmonic  (for  ni  =  0)  to  the  second  (for 
ni  =  1).  This  can  be  obviously  attributed  to  the  fact 
that,  in  this  particular  instance,  the  singly  charged 
ions  are  much  hotter. 
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SPATIAL  ATTENUATION  OF  LANGMUIR  WAVES  IN  GAS-DISCHARGE 

NEON  AND  ARGON  PLASMAS 
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Kinetic  studies  of  the  spectral  proper¬ 
ties  of  high-frequency  fast  [uP  ^1) 

longitudinal  electron  Langmuir  waves,  ex¬ 
cited  in  weakly  ionized,  weakly  collisional 
gas-discharge  plasma,  indicate  that,  gen¬ 
erally,  two  mechanisms  of  attenuation  of 
the  waves,  i.e.  the  Landau  (collision¬ 
less)  and  the  collisional  dampings  compete. 
Both  of  these  mechanisms  depend  on  the 
reduced  electric  field  (the  Townsend  pa¬ 
rameter)  Eo/rin,  and  on  the  transport  co¬ 
efficients,  characterizing  the  steady-state 
background  plasma  bulk.  The  Landau 
damping,  in  particular,  also  exhibits  strong 
dependence  on  the  specific  form  of  the 
steady-state  electron  distribution  function 
(SSEDF)  /e  (u)  [1,2].  When  the  anisotropy 
of  the  SSEDF  due  to  the  drift  of  the  elec¬ 
trons  is  taken  into  account,  by  way  of 
the  two-term  EDF  approximation,  fe{v)  — 
/°(u)-|-/g  (u)  cos  X,  the  Landau  attenuation 
of  Langmuir  waves  is  shown  to  depend  on 
their  direction  with  respect  to  that  of  the 
electron  drift  [2] .  This  fact  makes  it  in¬ 
teresting  to  regard  the  damping  process  in 
space,  rather  then  in  time. 

Therefore,  in  the  present  paper  atten¬ 
tion  is  focused  on  the  weak  spatial  attenu¬ 
ation,  by  taking  the  wave  vector  k  as  com¬ 
plex  [k  —  kr  +  iki,ki  <C  K)  and  keeping  cj 
purely  real.  The  spectrum  is  taken  in  the 
longwavelength  {kfrf)^  "^1)  Bohm-Gross 
approximation 

(1) 

^pe 

yielding  isotropic  group  velocity,  related  to 
the  phase  velocity  by  Vg.Vj  =  Here  Vte 
is  the  electron  thermal  velocity,  and  S  is 
a  dimensionless  functional  of  the  SSEDF 
defined  previously  [3].  Following  the  gen¬ 


eral  procedure  [3],  and  taking  into  account 
the  collisional  attenuation  as  well,  one, 
presently,  obtains  the  spatial  decay  rate  for 
Langmuir  waves  with  spectrum  (2),  prop¬ 
agated  at  an  angle  0  with  respect  to  the 
electron  drift.  Namely,  k,,  as  function  of 
the  phase  velocity  u/k  and  scaled  to  the 
electron  Debye  radius  r^,^  is  expressed  in 
the  following  form: 

f°°iuj/k)  -b  f°\Lo/k)  cos  6  ^ 

r  (0) 

where 

/  p  \-i/2 

=  ’ 

with  Uen  being  the  electron-neutral  effec¬ 
tive  collision  frequency,  B  being  another  di¬ 
mensionless  functional  of  the  SSEDF;  both 
of  these,  along  with  the  quantities  D  and 
C,  are  defined  previously  [3,4]. 

It  is  easily  seen  that  the  first  and  second 
term  in  (2)  can  be  readily  interpreted  as 
the  purely  Landau  k^roe  and  the  purely 
collisional  kfr^e  decay  rates,  respectively, 
both  contributing  to  the  overall  kiroe- 

On  the.  ground  of  (2),  comparison  of  the 
decay  rates  of  Langmuir  waves  of  a  given 
phase  velocity,  as  they  evolve  in  argon  and 
neon  gas-discharge  plasmas  under  analo¬ 
gous  conditions,  i.e.  at  equal  values  of 
Eo/nn  (10  Td  and  50  Td),  degree  of  ioniza¬ 
tion  X  (10~^),  and  neutral  number  density 
n„  (10^^m“^),  is  elaborated  presently.  The 
selected  interval  of  phase  velocities  exam¬ 
ined  (2.2  X  10®,  3.0  X  10®m/s)  corresponds 
to  the  region  of  weak  attenuation,  and  only 
direct  waves,  propagated  in  the  direction  of 


B].  (2) 
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the  electron  drift  [9  =  0)  are  considered. 
The  evaluations  were  performed  with  two- 
term  SSEDFs  pertainig  to  Ar  [4],  and  Ne 
[5],  that  have  been  shown  previously,  to 
yield  reliable  transport  coefficients  for  the 
plasmas  in  question. 

Table  1: 


the  Landau  mechanism  is  dominant  at  the 
lower  limit  of  the  u/’s  interval,  and  at  the 
upper  limit  collisional  attenuation  prevails. 
In  Ar,  where  goes  to  zero  for  the 

largest  VfS  considered,  the  overall  kir^f. 
goes  through  a  minimum  attaining  subse¬ 
quently  the  slowly  increasing  kfrBe  value. 
In  this  case  the  attenuation  of  the  wave  is 
purely  collisional  and  determined  by  the 


u/k 

Eq  / 

krce 

wmm 

HBHII 

[10«?] 

[Td] 

ARGON 

NEON 

■■ 

2.52  lO-"" 

0.90 

5.00  10-^ 

0.092 

1.87  10-^ 

1.4  102 

6.68  10-^ 

3.5  103 

0.27 

MM 

■■ 

1.56  10-^ 

0.37 

0.21 

■■ 

■■ 

2.30  10-2 

0.41 

KmiiM 

0.36 

■■ 

|K|illiB| 

0.51 

WUSM 

■■ 

0.54 

iBEl 

10 

■OH 

0.64 

2.2 

0.51 

■I 

50 

0.68 

8.1  102 

0.58 

3.0 

■■ 

2.27  10-^ 

0 

0.78 

4.08  10-^ 

■raraa 

0.62 

2.29  10-3 

2.9  10-3 

0.83 

1.04  10-^ 

0.67 

The  results  arrived  at  Show  that  the  col¬ 
lisional  decay  rate,  kfr^e,  increases  very 
slowly  with  u/s,  remaining  of  the  order 
10“^  and  10~^,  in  Ar  and  Ne  plasma,  re¬ 
spectively,  on  the  whole  interval  of  vjs  ex¬ 
amined,  at  both  10  Td  and  50  Td.  On  the 
contrary,  the  Landau  decay  rate,  kfroei 
decreases  towards  higher  u/s,  more  dis¬ 
tinctly  at  the  lower  i?o/^n  value  and  more 
markedly  in  Ar. 

The  values  of  the  resulting  overall  decay 
rate,  kir^^,  as  well  as  of  two  other  con¬ 
veniently  chosen  parameters,  kffkf  and 
fe^l fe°->  the  specified  range  of  VfS  and 
Eo/unS  are  listed  in  Table  1.  The  param¬ 
eter  kf  Ikf  indicates  the  relative  signifi¬ 
cance  of  the  two  mechanisms  of  attenua¬ 
tion,  and  the  ratio  /  f°°,  taken  at  the  ve¬ 
locity  of  electrons  resonant  with  the  wave, 
estimates  the  relevance  of  the  two-term 
SSEDF  approximation  in  determining  the 
Landau  damping. 

It  is  clearly  seen  from  Table  1  that 


bulk  properties  of  the  plasma.  It  is  inter¬ 
esting  to  note  that,  in  all  the  cases  exam¬ 
ined,  the  evaluation  of  the  kkr^e  with  the 
anisotropic  part  of  the  SSEDF  included, 
is  of  unquestionable  importance.  The  ra- 
tio  If  °°  increases  as  the  distribution  ap¬ 
proaches  the  high  energy  tail,  but  it  is  also 
far  from  being  negligible  at  the  lower  Vf 
limit,  where  amounts  to  roughly  30% 
of  the  /g°  value  in  both  Ne  and  Ar  at  50 
Td. 
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1.  Introduction 

Usually,  high-power  backward-wave  oscillators 
(BWOs)  operate  near  upper  cutoff  edge  of  the 
transmission  band  i.e.  7i-mode[l]  shown  in  Fig.  1.  The 
reason  is  that  the  starting  current  usually  has  its  lowest 
value  in  rr-mode.  In  an  ideal  case,  the  guiding  magnet 
field  is  so  strong  that  the  electrons  are  restricted  to  move 
only  in  the  axial  direction.  In  this  case,  the  electrons 
only  interact  with  TM  modes  in  the  slow-wave  structure 
(SWS).  However,  in  the  actual  experiments,  the  strength 
of  guiding  magnetic  field  was  finite  and  the  effects  of 
electrons  rotation  have  to  be  considered.  When  the  beam 
currents  are  less  than  a  threshold,  hybrid  TEn  mode 
plays  an  dominant  role  instead  of  symmetrical  TMoi 
mode  in  BWOs[2].  Because  the  starting  current  for  the 
latter  is  greater  than  that  of  the  former.  There  is  a 
possibility  of  mode  selection  of  TEn  frotTi  BWO  by 
controlling  the  beam  current.  In  this  investigation,  we 
report  the  experimental  results  about  the  BWO 
operating  far  from  n-mode. 

2.  Experimental  setup 

We  designed  and  constructed  a  SWS  which  consisted 
of  aluminum  modules  and  can  be  varied  in  length  up  to 
9.5  periods.  The  inner  structure  wall  radius,  R{z),  varies 
sinusoidally  according  to  the  relation 
R{z)  =  Rq  +hcos{kQz) 

where  =  In  I  Zq,  is  the  length  of  the  corrugation 
period,  Rq  and  h  are  mean  radius  and  the  amplitude  of 
corrugation.  The  parameters  of  SWS  in  this  experiment 
are  chosen  as  follows;  /?o=l-445  cm,  Zo=1.67  cm  and 
/7=0.445  cm.  Schematic  drawing  of  SWS  and  annular 
beam  are  shown  in  Fig. 2.  The  dispersion  diagram  for 
TMoi  and  TEn  modes  in  an  infinitely  long  SWS  with  the 
same  dimensions  is  shown  in  Fig.  1.  Marx  generator  is 
used  as  a  high  voltage  source  to  generate  and  to 
accelerate  the  intense  pulsed  electron  beam.  The  annular 
electron  beam  is  generated  by  a  beam  diode  that  consists 
of  an  aluminum  cathode  with  circular  edge  and  a  foilless 
stainless  steel  anode.  The  operating  voltage  of  Marx 
generator  is  varied  between  70-130  kV  with  a  pulse 
length  of  about  100  ns.  The  dot  dashed  line  in  Fig.l 
indicates  a  beam  line  with  energy  IlOkeV.  The  beam 
diode  and  SWS  are  installed  in  a  stainless  steel  pipe 
which  is  evacuated  by  a  turbo  molecular  pump  and  a 


Fig.l  The  calculated  dispersion  diagram  of  the 
sinusoidally  corrugated  waveguide. 


Annular  electron  beam 


Fig.2  Schematic  drawing  of  slow-wave  structure  and 
annular  beam. 


diffusion  pump  to  pressure  less  than  2X10'^  Torr.  The 
electron  beam  is  guided  by  axial  magnetic  field.  Bo,  of 
0.05-1.0  T.  The  beam  current  is  measured  with 
Rogowski  coil  at  the  upstream  side  of  SWS  and  the 
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diode  voltage  is  diagnosed  with  a  resistance  voltage 
divider  positioned  at  the  upstream  of  the  diode. 

3.  Results 

In  the  experiments,  we  measured  the  output  power, 
frequency  versus  the  following  parameters;  the  length  of 
SWS,  the  magnitude  of  the  axial  magnetic  field,  and  the 
diode  voltage.  The  tests  with  different  lengths  of  SWS, 
9.5  periods,  7.5  periods  and  5.5  periods  are  performed 
to  clarify  the  influence  with  decreasing  the  length  of 
interaction.  Microwave  output  power  as  a  function  of 
diode  voltage  is  shown  in  Fig.3  for  a  given  magnetic 
field  of  0.97  T.  The  power  is  seen  to  increase 
monotonically  with  the  diode  voltage  over  the  range  of 
80-125  kV,  and  is  increasing  with  the  length  of  SWS. 
The  starting  currents  are  decreased  with  the  longer  SWS 
which  contributes  to  an  increase  in  microwave  output 
power  and  efficiency. 

The  radiation  pattern  is  measured  by  scanning  the 
receiving  antenna  in  horizontal  direction[3].  Typical 
mode  patterns  under  the  condition  of  two  different  beam 
currents  are  measured.  Figure  4  (a)  and  (b)  show  the 
results  for  300  A  and  500  A,  respectively.  The  distance 
between  the  output  window  and  t|ie  horn  antenna  is  1.5 
m.  The  diode  voltage  and  the  magnetic  field  are  1  lOkV 
and  0.97  T,  respectively.  The'  shape  of  measured 
radiation  pattern  under  the  condition  of  300  A  indicates 
that  the  dominant  oscillation  mode  of  BWO  is  TEn 
mode.  The  calculated  TEn  radiation  pattern  is  also 
shown  by  the  solid  curve  in  Fig. 4  (a).  On'  the  other  hand, 
the  measured  radiation  pattern  under  the  condition  of 
about  500  A  indicates  that  the  dominant  oscillation 
mode  is  TMqi  mode.  A  solid  curve  in  Fig. 4  (b)  indicates 
the  calculated  TMoi  radiation  pattern  at  8.5  GHz. 
Usually,  the  TMqi  mode  always  are  dominant  oscillation 
mode  for  BWOs,  because  an  axisymmetric  annular 
beam  is  used  and  operation  is  made  near  7i-mode 
oscillation.  For  the  BWO  operating  in  far  from  n-mode, 
a  large  current  is  needed  for  starting  oscillation. 
However,  in  our  experiment,  TMqi  mode  is  not  observed 
even  in  the  case  of  300  A  beam  currents. 

In  conclusion,  TEn  and  TMoi  modes  are,  for  the  first 
time,  observed  separately  by  changing  the  operation 
condition  of  beam  current  in  a  BWO. 
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Fig.3  Output  power  vs.  Diode  voltage 


Fig. 4  Radiation  pattern 
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A.  Mohri,  T.  Michishita,  Y.  Yamazawat,  H.  Higaki^,  T.  Yuyama,  H.  Tanaka^,  A.  Hirota,  H.  Oishi 
Department  of  Fundamental  Sciences,  Faculty  of  Integrated  Human  Studies,  Kyoto  University 
f  Graduate  School  of  Energy  Science,  Kyoto  University 
j  Graduate  School  of  Human  and  Enviromental  Studies,  Kyoto  University 
Sakyo-ku,  Yoshida,  Kyoto  606-01,  Japan 


1.  Introduction 

Experiments  on  nonneutral  electrons  and 
positrons  have  been  performed  by  using  developed 
three  traps,  each  of  which  is  composed  with  aligned 
multiple  ring  electrodes  (  MRE  ).  These  traps  can 
generate  many  types  of  electrostatic  configurations 
for  confining  nonneutral  plasmas  of  different  shapes, 
according  to  the  purpose  of  experiment.  Figure  1 
shows  a  schematic  drawing  of  the  MRE.  Each  ring 
electrode  can  be  biased  independently  to  generate  a 
desired  electrostatic  field  inside  the  confinement  re¬ 
gion,  and  also  the  electrodes  are  used  either  to  excite 
electrostatic  modes  or  to  detect  their  signals. 


ring  electrodes 

surface  F 

_ _ 


where  (f),  \j:  is  the  self  field  potential  of  the  plas- 
moid,  then  the  image  charge  effects  on  the  plasmoid 
disappear.  This  method  to  cancel  the  effects  is  pos¬ 
sible  in  the  MRE  trap.  It  was  experimentally  proved 
that  this  cancellation  of  the  image  charges  much  im¬ 
proves  the  confinement  [1,2].  The  confinement  time 
became  the  longest  when  the  parameters  of  the  con¬ 
fined  spheroidal  plasma  coincided  with  those  given 
by  <f>,  \t- 

Under  this  cancellation,  the  electrostatic  modes 
changes  their  frequencies  since  the  electric  field  gen¬ 
erated  by  \jr  works  as  an  additional  field  at  the 
oscillation.  Therefore,  mode  frequencies  differ  from 
the  Dubin’s  dispersion  relation  found  for  free  bound¬ 
ary  case  Figure  2  shows  the  observed  dependence 
of  (^  =  1,  m  =  0)  mode  frequency  on  the  trapped 
total  electron  number  N.  Here  is  also  shown  the 
calculated  mode  frequency  including  the  additional 
field,  which  is  well  in  agreement  with  the  observed 
one. 


Fig.l  Multi-Ring-Electrodes  IVap. 

This  report  describes  the  recently  obtained  results 
using  the  MRE  traps  concerning  subjects  as: 

•  Spheroidal  plasma 

1 .  Cancellation  of  the  image  charge  effects  to 
realize  an  ideal  rigid  rotor  equilibrium. 

2.  Relaxation  phenomena  after  ECRH. 

•  Nonlinear  couplings  among  electrostatic  modes 
in  a  cylindrical  plasma  column. 

•  Formation  of  positron  plasma. 


2.  CanceUation  of  image  charge  effects 

A  cold  spheroidal  plasma  is  settled  in  a  uniform 
axial  magnetic  field  and  a  hyperbolic  electrostatic 
potential  well  written  by  <l>h  =  A(r^  —  2z^),  if  the 
surrounding  wall  is  far  away  from  the  plasma.  On 
the  other  hand,  when  the  wall  is  present  near  the 
plasma,  the  image  charges  induced  on  the  wall  de¬ 
teriorate  the  external  electric  field  and  thereby  the 
rigid  rotor  equilibrium  breaks.  However,  if  the  po¬ 
tential  distribution  on  the  wall  surface  <j>T  \j^  is  given 
as 

<j)T  |jr=  ^1,  \jr  -t-^,  |jr  , 


B 


.& 


Fig.2  (1,0)  mode  frequency  at  the  cancellation 
of  the  image  charge  effects  in  the  MRE  trap. 


3.  Relaxation  of  electrons  heated  by  ECRH 
The  several  ring  electrodes  of  MRE  trap  are  az- 
imuthally  cut  to  segments  so  as  to  apply  asymmetric 
perturbations  for  heating,  or  to  excite  and  observe 
axially  asymmetric  oscillation  modes.  An  rf  power 
of  ~609  MHz  and  <3  mW  was  applied  to  one  seg¬ 
ment  of  the  electrode  at  the  midplane  in  order  to  heat 
a  spheroidal  electron  plasma  by  ECRH.  This  power 
level  was  sufficient  to  see  the  heating  effect.  The 
plasma  to  be  heated  had  the  total  electron  number 
of  iV  =  1.8  X  10®  with  the  radius  of  9  mm  and  the 
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aspect  ratio  of  9.  The  high  energy  tail  side  of  the 
parallel  components  of  the  heated  electrons  was  mea¬ 
sured  by  detecting  the  electrons  leaked  from  the  po¬ 
tential  well  when  its  depth  was  promptly  shallowed 
a  little,  as  usually  done  for  measuring  the  temper¬ 
ature.  In  this  way,  the  equivalent  Tn  was  deduced. 
Figure  3  shows  the  obtained  time  variations  of  Tn  for 
different  input  rf  powers. 


Fig.3  Time  variations  of  Tn  after  0.5  ms  appli¬ 
cation  of  ECRH  for  different  input  powers  P. 


Here,  it  is  clearly  seen  that  electron  energies  heated 
perpendicularly  to  the  magnetic  field  relax  to  the 
parallel  energies  or  to  a  thermalized  state.  At  the 
higher  input  powers,  there  appear  overshoots  in  7j|, 
which  correspond  to  the  presence  of  two  compo¬ 
nents  of  the  temperature,  i.e.,  the  presence  of  non- 
thermalized  energy  tail.  This  tail  disappears  as  the 
thermalization  proceeds. 

4.  NonUnear  mode  coupling  in  a  cyUndrical 
plasma  column 

The  MRE  trap  can  form  the  configuration  like 
the  Malmberg  trap  which  plugs  a  plasma  by  elec¬ 
tric  potential  barriers  at  the  both  ends.  The  plasma 
confined  in  this  type  of  trap  is  nearly  a  cylindrical 
column  and  axial  modes  of  electrostatic  oscillations 
are  present  since  the  column  length  is  finite.  In  the 
MRE  trap  axisymmetric  modes  can  be  excited  easily 
by  applying  rf  perturbations  which  resonate  with  the 
modes.  It  was  found  that  nonlinear  couplings  among 
the  modes  occur  and  its  threshold  of  the  occurence 
depends  on  the  electron  temperature.  [4].  Here  is 
presented  the  recomfirming  results  of  such  a  mode 
coupUng.  The  trap  used  is  a  new  MRE  trap  which  is 
acculately  machined  and  set  in  a  more  uniform  mag¬ 
netic  field  with  the  spatial  fluctuation  less  than  lO""* 
over  the  whole  confinement  region. 

The  mode  is  indicated  by  the  number  of  nodes 
along  the  plasma  column  i.  A  typical  example  of 
the  mode  coupling  is  shown  in  Fig.  4.  In  this  case, 
N  =  S  X  10®  electrons,  B  =  215G  and  the  radius 
and  the  length  of  the  plasma  was  1  cm  and  24  cm, 
respectively.  The  observed  mode  frequencies  were  2 
MHz  for  £  =  1,  3.9  MHz  for  £  =  2,  5.6  MHz  for 
£  =  3,  7.1  MHz  for  ^  =  4  and  8.4  MHz  for  £  =  b. 
The  figure  shows  the  time  variations  of  power  spectra 


when  £  —  4  was  excited  by  applying  a  burst  of  7.1 
MHz  perturbations  for  4  fis.  Immediately  after  the 
end  of  the  burst,  £  =  4  mode  was  quite  dominant  and 
its  spectrum  was  broad.  As  time  elapsed,  this  mode 
disappeared  while  different  modes  £  =  3,  2,1  and  5 
came  out.  These  modes  were  changing  their  relative 
amplitudes  with  time  and  at  the  later  stage  £=\  and 
f  =  3  modes  survived  for  a  long  time.  This  mode 
coupling  changed  its  feature  with  the  amplitude  of 
the  initially  excited  pump  mode. 
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Fig.4  Observed  time  dependence  of  the  power 
spectra  when  the  nonlinear  mode  coupling  was 
induced  by  the  pump  mode  1  =  4. 


5.  Formation  of  a  positron  plasma  in  a  super¬ 
conducting  magnet 

An  MRE  trap  is  set  in  the  8  T  superconducting 
magnet.  This  MRE  trap  has  the  inner  diaiheter  of 
4  cm  and  the  axial  length  of  14.8  cm.  The  confine¬ 
ment  time  of  electrons  reached  about  4000  s  at  5  =7 
T.  As  a  source  of  positrons,  a  isotope  of  0.1 
mCi  was  set  outside  the  trap  region.  To  include  an 
non-adiabatic  process,  an  axial  rf  electric  field  of  the 
positron  bounce  frequency  was  applied  on  the  edge  of 
the  trap.  This  rf  field  works  as  a  decelerating  kicker 
to  incoming  positrons  and,  in  addition,  a  resonator 
to  damp  the  bouncing  oscillation  was  attached.  The 
particle  number  of  trapped  positrons  after  the  accu¬ 
mulation  for  400  s  was  7  x  10®.  Here,  the  cyclotron 
radiation  cooled  down  the  positrons  to  the  room  tem¬ 
perature.  The  ratio  of  the  plasma  size  to  the  Debye 
length  was  about  7  at  the  minimum.  This  cloud  sat¬ 
isfies  the  plasma  condition. 
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In  resent  years  many  pa¬ 
pers  on  parametric  instabili¬ 
ties  in  plasmas  of  relativis¬ 
tic  electron  beam  (REB)  have 
appeared  [1-5].  These  inves¬ 
tigations  are  very  important 
for  plasma  electronics  and 
free-electron  lasers  because 
the  nonlinear  wave  interacti¬ 
on  processes  may  leads  to  up- 
conversion  of  the  frequency 
of  the  scattered  wave  as  com¬ 
pared  to  the  frequency  of  the 
incident  electromagnetic  wave. 
Previously  have  been  studied 
space-time  evolution  of  three 
nonl inear ly  interacting  wave 
packets  in  Infinite  plasma 
[4,5]. 

In  pesent  report  we  con¬ 
sider  the  nonstationary  para¬ 
metric  interaction  of  tliree 
waves  packets  in  the  semi- 
bounded  plasma  of  REB.  We  as¬ 
sume  that  electron  beam  is 
filling  the  region  _^z>0  and 
moved  with  velosity  7= 

The  region  z>0  is  filling  the 
media  with  dielectric  cons¬ 
tant  £j^>0. 

We  analyzed  three-wave 
resonant  interaction  two 
s-polarized  volume  waves 


^  ^1,2,y“  ®1,2  ’  ^1,2x,z~  °  ^ 

with  frequency  2  »  ^  2^ 

and  surface  wave  (u)^,  k^), 

^1,2,3""  ^  N,2,3x’  N,2,3s^* 

The  matching  conditions  are 

written  in  the  form: 

(1)3=  0)2+  V  Aw 
;^3=  ^2+  vt.^+  Alt,  V-  ±1  is  sign 
function.  Aw  and  Al^  is  repre¬ 
sent  the  frequency  and  wave- 
number  mismatch.  We  consider 
waves  satisfying  the  dispersi¬ 
on  relation: 

('V  2  ^2,  ,v2^— 2\1/2 

^1,2“  ^1,2  ^^1,2°  ‘^p^  \ 

3  3  0  vh  ^  v'  ^2) 

where  r=  1  correspond  to  the 
surface  with  negative  (  and 
r=  -1  positive  )  energy, 

V 

electron  plasma  frequency, 
2=t  2^  ’  where 

2)  ~  dielectric 

constant  of  media,  filling  the 
region  z>0.  Prom  (I)  and  (2) 
it  is  easy  to  show  that  0)2>w^ 
(up-conversion  of  the  frequen¬ 
cy),  if  /c  >1. 

We  obtain  the  system  of 
equations  described  the  diffe¬ 
rent  nonlinear  wave  interacti¬ 
ons  the  surface  wave  with  ele- 
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ctromagnetio  waves  (  the  te¬ 
chnique  to  derive  these  equ¬ 
ations  has  been  described  in 
[2,4,6]).  We  shall  study 
these  equations  in  parametric 
approximation,  i.e.  we  assume 
that  the  pump  wave  amplitude 
E^=  Q  (»  Eg  is  constant. 

We  analyzed  the  propaga¬ 
tion  of  an  electromagnetic 
signal  wave  packet  with  a 
Gaussian  amplitude  profile  in 
the  presence  of  a  REB  with 
initial  modulation.  It  is 
shown  that  a  diffusion  broa¬ 
dening  in  space  of  the  wave 
packet  occurs.  The  diffusion 
length  is  determined. After 
a  distance  that  is  much  lar¬ 
ger  than  the  7^,  a  phase  loo¬ 
king  will  take  place,  however, 
and  the  growth  rate  has  then 
reached  its  maximum  value. 

We  think  that  the  results 
of  the  present  report  can  be 
useful  for  some  free-electron 
laser  work,  as  three-wave  in¬ 
teraction  processes  are  impo¬ 
rtant  in  the  generation  of 
ultra-high  frequency  radia¬ 
tion. 
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The  theory  of  wave  packets  (WP)  in  dispersive  media 
without  wave  energy  absorption  has  been  extensively 
developed  and  discussed  in  the  literature  [1,  2],  For  a 
homogeneous  medium  a  WP  is  constructed  by  the 
continuous  superposition  of  the  elementary  waves  which 
have  close  values  of  their  wave  vectors.  Usually  such  a 
superposition  is  presented  in  the  form  of  the  integral  of 
the  function  A(k)exp[i(k-x-(Ot)]  over  the  k-space.  The 
frequency  CO  and  the  wave  vector  k  are  related  by  the 
dispersion  equation  D((0,k)=0  characterizing  the 
properties  of  the  medium  with  respect  to  wave 
propagation.  The  Fourier  transform  of  the  spatial  WP  at 
t=0  is  the  function  A(k)  concentrated  in  some  vicinity  of 
the  carrier  wave  vector  kc.  The  spatial  maximum  of  the 
WP  envelope  propagates  with  the  group  velocity 
W=9co/9k  where  the  derivative  is  calculated  at  k=kc.  As 
can  be  shown  by  the  saddle-point  method  for  calculating 
the  Fourier  integrals  [2],  for  large  times  each  small 
section  of  the  WP  can  be  characterized  by  the 
instantaneous  values  of  the  local  wave  vector  k(x,  t)  and 

the  local  frequency  CD(x,t)=co[k(x,t)]  where  the  relation 
co(k)  is  determined  by  the  dispersion  equation.  These 
local  characteristics  of  the  WP  maintain  constant  values 
along  the  straight-line  trajectories  x  =  X(t)  called  rays. 
The  description  of  the  rays  associated  with  the  WP 
propagation  admits  the  Hamiltonian  formalism;  The 

vectors  X(t)  and  k  determine  the  position  of  the 
dynamic  system  in  coordinate  space  and  in  momentum 
space,  respectively. 

In  dissipative  (absorbing)  or  active  (amplifying) 
media  the  elementary  waves  that  are  sinusoidal  in  space 
(Im  k=0)  decay  or  grow  in  time  (Im  to  it  0),  while  the 
time-periodical  waves  (Im  (O  =0)  decay  or  grow  in  space 
(Im  k^*  0).  This  leads  to  a  complex  group  velocity 
vector.  When  the  medium  is  absorbing,  the  WP  acquires 
some  new  features  in  comparison  with  its  behavior  in 
non-absorbing  media.  Thus,  the  velocity  of  the  WP 
envelope  maximum  V  changes  with  time  even  in  the 
case  when  the  medium  is  homogeneous  [3-5].  In  addition, 
the  local  wave  number  which  can  be  determined  in  the 
point  of  the  envelope  maximum  also  changes  with  time 
[3].  These  circumstances  provide  the  difference  of  the 
vectors  V  and  W.  In  an  absorbing  medium  vector  W  is 
complex  at  the  point  of  the  envelope  maximum. 
Although  the  velocity  V  can  be  expressed  in  terms  of 
both  real  and  imaginary  parts  of  W,  the  concept  of  the 


complex  group  velocity  remains  obscure  from  the 
physical  point  of  view.  On  the  other  hand,  several 
examples  existing  in  the  literature  show  that  W  may 
represent  a  real  physical  velocity  in  an  absorbing  medium 
[4-7]  ,  if  for  some  real  or  complex  values  of  the  wave 
vector  k,  the  vector  W  becomes  real. 

The  purpose  of  the  present  paper  is  to  examine  role  of 
the  real  rays  provided  by  the  requirement  Im  W=0  in  the 
propagation  of  one-dimensional  WP  in  homogeneous 
absorbing  media  and  to  show  that  such  rays  determine  all 
local  characteristics  of  the  WP  for  large  times  and 
distances.  To  illustrate  the  features  of  the  WP  that  are 
associated  with  the  local  group  velocity  which  remains 
real  in  the  presence  of  absorption,  we  investigate  the 
exact  analytical  solution  for  a  Gaussian  WP  in  a  medium 
characterized  by  the  quadratic  complex  law  of  dispersion 
co=(a  — ip)k2  .  This  dispersion  equation  is  commonly 
used  for  whistlers  propagating  along  the  magnetic  field 
lines  in  a  collisional  magnetosphere.  The  parameters  a 
and  p  which  are  responsible  for  the  dispersion  and 
absorption  of  the  whistlers  are  determined  by 

a  =  c^cOjg  /  cOpg^  ,  p  =  aVg  /  tOgg .  Here  c  is  the  vacuum 
light  velocity,  cOge  is  the  electron  gyrofrequency,  cOpe  is 
the  electron  plasma  frequency,  Ve  is  the  mean  collision 
frequency  of  electrons.  When  the  initial  distribution 
u(x,0)=Re  f(x)  is  a  Gaussian  WP  given  by 

f(x)  =  Cexp(ikgX-x^/h^)  (1) 

after  introducing  the  dimensionless  variables  and 
parameters 

^  =  kgX  ,  T  =  Pkg^t ,  N  =  kgh/2  ,  a  =  ot/p  (2) 


the  solution  of  the  Cauchy  problem  is  given  by 

u(x,  t)  /  C  =  u(t  T)  =  E(^.  T)  cos[e(^,  t)]  , 

E(E  t)  =  exp[-vt/(^,-t)]  (3) 

[(1  +  T  /  )^  +  a^T^  /  N'*  ^ 

where  \|/(^,T)  is  given  by 


(l-HT/N^)[^-^„,(t)f  ^  t 

4[(N  +  T/N)^+(at/N)^]  1-t-T/N^ 


(4) 
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Here  ^^(t)  =  2ax/(l  +  T/N^)  is  the  normalized 
coordinate  of  the  WP  envelope  maximum.  The  phase 
function  0  in  Eq.  (3)  has  the  form 


e(^,  T)  =  1}(^,  X)  - 1  arctanj^-^-^  j, 


(5) 


i3  = 


^(l  +  x/N^)-ax  +  a^^x/(4N'*) 


(l  +  x/N^)^+aV  /N'* 


When  N^»l,  i.e.  the  characteristic  number  of  spatial 
oscillations  inside  the  WP  is  sufficiently  large,  the  local 

complex  wave  number  k*  can  be  defined  as 


k 


3x 


(6) 


The  exact  solution  presented  here  shows  that  only  at 
t=0  the  real  part  of  the  local  wave  number  k/  i  s 
spatially  uniform  and  equals  the  carrier  wave  number  kc  . 
For  any  small  t  >0  the  WP  acquires  an  inhomogeneous 
filling:  Any  given  value  of  the  wavelength  can  be  found 
within  the  WP.  Away  from  the  WP  center  for  t>0  very 
short  local  wavelengths  appear.  The  family  of  the 
trajectories  k/  =constant  in  (x,t)  plane  is  shown  in 
Fig.l.  As  is  seen  from  this  figure,  for  small  times  t, 
sufficiently  large  values  of  Ik/I  propagate  from  the 
wings  to  the  central  part  of  the  WP  and  after  reaching  the 
turning  points  where  dx/dt=0  they  propagate  back  to  the 
wings,  so  that  for  t  -> «.  the  velocity  of  propagation  of 
a  given  value  of  k/  tends  to  the  real  group  velocity 
W*  =  W(  k,*+i|3  k//a).  The  straight-line  trajectory  F 
corresponding  to  k/=  kc  is  exceptional  since  along  F 
both  real  and  imaginary  parts  of  the  local  wave  number 
k*=  (l+ip/a)kc  all  time  remain  constant  and  propagate 

with  the  real  constant  group  velocity  W(  k*) . 

The  obtained  solution  indicates  that  in  a 
homogeneous  medium  the  initial  carrier  wave  number 
may  propagate  with  the  real  group  velocity  at  all  times  if 
the  requirement  Im  W=0  is  satisfied  in  some  point  of  the 
WP  profile  at  t=0.  The  velocity  of  the  envelope  peak  is 
an  important  characteristic  of  the  WP.  However,  in  an 
absorbing  medium  the  peak  velocity  is  not  the  group 
velocity:  The  wave  group  is  marked  by  its  wave  number 
or  frequency  and  these  quantities  change  with  time  in  the 
center  of  the  WP.  For  large  times  the  group  of  spatial 
oscillations  with  the  initial  carrier  wave  number  k^  can 
be  found  far  away  from  the  WP  center.  Such  a  behavior  is 
displayed  even  in  the  case  of  weak  absorption. 

To  estimate  the  influence  of  the  collisional  wave 
damping  on  the  typical  whistler  WP  in  the  Earth's 

magnetosphere  we  used  the  following  parameters:  the 


carrier  wave  Icnglli  is  2  km  ,  the  initial  WP  width  is  k.9 
km,  the  characteristic  frequencies  are  0)^^  =1.8  MHz, 
©^^=0.26  MHz,  v^=1.3  kHz.  These  parameters  were  used 
in  calculations  of  the  trajectories  shown  in  Fig.  1.  The 
wave  absorption  provided  by  the  collisions  results  in  the 
localization  of  the  wave  group  with  k  *  =  kc  ahead  of  the 
envelope  peak.  Thus,  after  time  t=0.014  s  the  distance 
between  the  spatial  envelope  maximum  and  the  position 
of  the  carrier  wave  number  reaches  60  km  and  the 
lowering  of  the  central  wave  number  is  close  to  9%. 


Fig.  1.  The  space-time  trajectories  along  which  the  real 
part  of  the  local  wave  number  k,*  is  constant  for  various 
values  of  the  parameter  K  =  kr*/k5  with  a=200,  N=7. 
The  time  variable  is  defined  as  x  =  pk^^t  .  The  straight 
line  F  shown  for  k=1  is  the  solution  of  Hamiltonian 
equations  corresponding  to  the  initial  carrier  wave 
number. 
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1.  Strong  shock  waves  in  metals  provide  an 
important  dynamic  method  for  the  generation  of  a  dense 
plasma  [1],  The  possibility  of  the  spontaneous  emission 
of  sound  from  such  shocks  [2]  is  of  interest  for  the 
physics  of  shock  waves  and  for  various  applications, 
including  the  experimental  studies  of  a  dense  plasma  and 
the  problems  related  to  inertial  fusion. 

For  shock  waves  in  metals  the  experimental 
Hugoniot  adiabatic  (HA)  is  commonly  presented  as  the 
relationship  between  the  shock  velocity  D  and  the 
particle  velocity  behind  the  shock  U.  For  most  metals 
the  empirical  dependence  D(U)  is  a  straight  line: 
D=co+SU  [3].  On  the  other  hand,  when  the  problem  of 
stability  of  a  shock  wave  in  an  arbitrary  medium  is 
considered,  the  criteria  of  instability  are  formulated  in 
terms  of  the  Hugoniot  adiabatic  p2=  Ph(P2)  connecting 
the  pressure  p2  and  the  density  p2  of  the  shock- 
compressed  material  and  in  terms  of  the  Mach  number 
M2=(D-U)/c2  for  the  subsonic  flow  behind  the  shock  in 
the  frame  of  reference,  in  which  the  shock  is  at  rest  [2). 
Here  C2  is  the  sound  velocity  behind  the  shock. 

As  is  well-known  [4],  for  a  given  dependence  D(U), 
the  function  Ph(P2)  can  be  determined  from  two  of  the 
Rankine-Hugoniot  relationships  which  express  the 
conservation  laws  for  mass  and  momentum  across  the 
shock.  However,  ph(P)  alone  cannot  determine  the  sound 
velocity  which  is  a  thermodynamic  quantity.  To  find  this 
quantity  and,  subsequently,  to  apply  the  stability  criteria 
one  has  to  obtain  the  equation  of  state  (EOS)  for  the 
shock-compressed  material.  The  fundamental  principles 
of  thermodynamics  can  be  employed  to  find  the  EOS 
providing  such  a  form  of  the  specific  internal  energy 
e(T,p)  that  would  be  consistent  with  the  law  of  variation 
of  e(p)  along  the  HA.  The  latter  follows  from  the  third  of 
the  Rankine-Hugoniot  relationships,  which  expresses 
the  conservation  of  energy  across  the  shock.  In  addition, 
if  a  connection  between  two  unknown  functions  of 
density,  which  are  the  cold  compression  pressure  and  the 
Griineisen  parameter,  is  specified  (for  example,  see  the 
Slater  -  Landau  model  [4]),  then  a  complete 
thermodynamic  description  of  the  material  can  be 
obtained. 

This  paper  considers  the  possibility  of  spontaneous 
emission  (SE)  of  sound  and  entropy-vortex  waves  from 
strong  shocks  in  metals.  The  occurrence  of  SE  means  the 
existence  of  such  two-dimensional  sinusoidal  sound 
waves  impinging  on  the  shock,  for  which  the  reflection 


coefficient  becomes  infinite.  This  results  also  in 
spontaneous  corrugation  of  the  planar  shock  front.  The 
problem  of  corrugation  instability  of  a  planar  shock  was 
first  addressed  by  Dyakov  [5]  and  Kontorovich  [6]. 

During  long  time  since  the  formulation  of  the  classical 
criterion  for  SE,  appropriate  physical  conditions  for 
which  this  criterion  is  satisfied  have  not  been  found. 
Only  recently  [7,8]  it  has  been  shown  that  SE,  indeed, 
may  occur  behind  very  strong  ionizing  shocks 
propagating  in  inert  gases.  A  simple  thermodynamic 
consideration  of  the  conditions  for  SE  from  strong 
shocks  in  metals  was  given  in  [9]  where  it  was  shown 
that  SE  may  appear  for  sufficiently  strong  shocks. 

In  this  paper  the  three-term  EOS  presenting  the  total 
pressure  as  a  sum  of  the  cold  elastic  pressure,  the  thermal 
atomic  pressure  and  the  thermal  pressure  of  free  electrons 
is  employed.  The  numerical  solutions  that  allowed 
calculating  the  sound  velocity,  the  shock  temperature  and 
the  threshold  for  SE  are  obtained.  The  occurrence  of  SE 
from  strong  shocks  depends  on  the  slope  S  of  the 
straight-line  HA.  It  has  been  found  that  strong  shocks 
propagating  in  such  metals  as  molybdenum  characterized 
by  relatively  low  values  of  S  are  susceptible  to  SE. 

2.  When  an  experimental  dependence  D(U)  is  known, 
two  of  three  Rankine-Hugoniot  relations  representing  the 
conservation  of  mass  and  momentum  allow  determining 
the  Hugoniot  adiabatic  in  the  plane  of  variables  (P2.P2) 
[4].  The  problem  considered  below  is  formulated  as 
follows:  For  a  given  form  of  the  HA  find  the  EOS 
determining  the  pressure  p  as  a- function  p  and  T.  In 
addition,  find  the  specific  internal  energy  e  and  the 
specific  entropy  s  as  functions  of  p  and  T.  The  solution 
of  this  problem  should  satisfy  the  condition 

Ez-E,  =eH(p)  =  PH(P)[l-r']/2p,  (1) 

Here  p  =  Pz  /pj  is  the  densities  ratio  across  the 
shock.  The  following  three-term  EOS  [4]  is  assumed 

p(p,  T)  =  p,  (p)  +  Pt  (p,  T)  +  pg  (p,  T) 

(2) 

[  Pt  =  pnp)eT  -  Pe  =  pre(P)ee  ] 

where  pc  is  the  cold  elastic  pressure,  pj  is  the  thermal 
atomic  pressure,  pe  is  the  contribution  of  free  electrons 
to  the  total  pressure.  In  Eqs.  (2)  Ex  and  Eq  are  the  thermal 
parts  of  the  specific  internal  energy  due  to  the  atoms  and 
the  electrons,  respectively.  These  quantities  are  given  by 
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eT=CvT,  ee=P(p)T2/2  (3) 

where  Cy  is  the  specific  heat  of  atoms  and  Cye  =  P(P)T 
is  the  electronic  specific  heat.  The  functions  r(p)  and 
FeCp)  are  the  Griineisen  parameters  for  atomic  and 
electronic  subsystems,  respectively.  The  function  P(p)  is 
the  electronic  specific-heat  coefficient  which  is  connected 
with  FeCp)  by  the  relation  Fe=-dlnp(p)/dlnp.  The  total 
specific  internal  energy  is  presented  in  the  form  similar 
to  Eq.(2) 

e(p,T)  =  e,(p)-i-eT(p,T)+ee(p,T)  (4) 


was  found  that  SE  from  shock  fronts  may  occur  in 
metals,  for  which  the  slope  S  of  the  straight-line  HA  is 
less  than  4/3  (for  example,  in  molybdenum  where 
S=1.26).  The  Dyakov  parameter  h  and  the  critical 
parameter  h^  as  functions  of  the  density  ratio  p  along 
the  HA  for  molybdenum  are  shown  in  Fig.  1.  The 
thermodynamic  model  which  neglects  the  electronic 
contributions  to  the  total  energy  and  to  the  total  pressure 
always  predicts  the  occurrence  of  SE  for  sufficiently 
strong  shocks  [9].  Taking  account  of  the  thermal  pressure 
and  the  thermal  energy  of  free  electrons  may  have 
stabilizing  effect  with  respect  to  SE  for  metals  with 
relatively  large  values  of  the  parameter  S  (such  as  copper, 
for  which  S=1.5). 


where  ec  is  the  elastic  potential  energy:  dec  /dp=pc/p^  ■ 
The  specific  entropy  s  is  calculated  from  the  identity 
Tds  =  de-(p/p^)dp.  Then  Eqs.  (2)-(4)  allow 
calculating  the  sound  velocity  c(p,T)  =  -yjidp/dp)^  and 
the  shock  temperature  T=Th(P2)-  To  obtain  a  closed 
thermodynamic  description  of  the  shock-compressed 
medium  the  Slater  -  Landau  model  [4]  was  used 


r(p)  =  - 


2  1 


dln[d(pjv)/dv] 


3  2 


din  V 


v  =  -  (5) 

P 


Along  the  HA  the  internal  energy  is  a  known 
function  of  the  density.  Inserting  Eq.  (1)  into  Eq.  (4), 
setting  T=Th  and  differentiating  the  result  with  respect  to 
p=p2  leads  to  the  equation: 


de 

dp 


dp  dp  2 


(6) 


Thus,  a  system  of  coupled  equations  (5),  (6)  was 
obtained  for  functions  F(p)  and  Pc(p).  The  initial  values 
at  p=pi  were  chosen  from  the  requirement  that  in  the 
plane  (p,p)  the  HA  and  the  initial  isentrope  s=si  have  a 
second  order  touching  in  the  initial  point. 

3.  The  criterion  for  SE  [4]  reads  as  follows: 


h,(p,M2)<h  =  -V2^ 


'da' 

k  dP2  y 


<1  +  2M2 


(8) 


X.,  w  /  ,  u  1-M2^(P-H) 

Mj  =V2/C2  <1  ,  h  =  ■ 


l-hM2^(p-l) 


Here  h^  is  the  critical  value  of  the  Dyakov  parameter 
h  determining  the  threshold  of  SE.  Numerical 
calculations  of  the  lattice  Griineisen  parameter  and  the 
cold  elastic  pressure  allowed  us  to  calculate  the  sound 
velocity  behind  the  shock.  As  a  result,  the  critical 
parameter  h^  and  the  criterion  for  SE  were  calculated.  It 


1  1.5  2  2.5  3  3.5 


Fig.  1.  The  Dyakov  parameter  h  (solid  curve)  and  the 
critical  parameter  he  for  molybdenum  (S=1.26)  calculated 
along  the  HA  from  the  three-term  EOS  (dot-dashed  curve) 
and  the  two-term  Mie-Gruneisen  EOS  (dashed  curve). 
The  critical  degree  of  shock  compression  p 
corresponding  to  the  threshold  of  SE  is  equal  to  2.8  and 
3.3  for  the  two-term  and  three-term  EOS,  respectively. 
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1  Introduction 

A  plasma  in  the  electronegative  gas  positive  column 
contains  generally  some  kinds  of  positive  ions  and 
negative  ones.  Now,  the  discharge  tube  is  long  enough 
and  in  a  longitudinal  magnetic  field  B.  For  simplicity, 
the  plasma  with  one  species  each  of  positive  and 
negative  ions  is  treated,  and  assumed  collision 
dominant.  The  presence  of  the  negative  ions  usually 
causes  the  plasma  to  constrict  into  a  region  near  the 
tube  axis.  This  constriction  is  remarkable  when  the 
negative  ion  density  is  comparable  to  the  electron  one 
[1],  [2]. 

The  density  distributions  «^(r)  in  steady  state  are 
assumed  to  depend  on  only  the  distance  r  from  the  axis, 
where  j  =  p  for  the  positive  ion,  j  =  n  for  the  negative 
ion  and  j  -  e  for  the  election.  At  the  ratio  g{r)  = 

^  mentioned  above,  the 
distributions  can  be  obtained  numerically  only. 
However,  at  some  strength  of  the  field  B  fortunately 
those  are  determined  analytically. 

2  Analysis 

The  charged  particle  flow  densities  in  steady  state 
can  be  obtained  from 


V J  being  the  momentum  transfer  collision  frequency 
and  Z  the  unit  vector  along  the  tube  axis.  It  should  be 
noted  that  |p,^|  and  are  respectively  the  mobility 

and  Larmor  frequency. 

Putting  the  r  -  component  of  the  current  density 
derived  from  eq.(l)  to  zero,  i.e.  0  =  we  can 

} 

obtain  the  ambipolar  field  E^p,  used  in  eqs.  (4)  and 
(11)  later.  We  here  assume  that  the  ambipolar  difiusion 
mentioned,  and  the  space  charge  neutrality  are  still 
effective  when  the  present  plasma  comes  to  be  with  low 
frequency  perturbations.  The  flow  density  perturbations 
Ty,  are  obtained  in  linear  approximation  about  n ,  and 

from  eq.(l)  which  is  replaced  F^  with  r^+  T^.,, 
with  +  n.^  and  with Eq+  Ey 

First,  the  assumption  of  the  ambipolar  diffusion  leads 
to 

J 


(4) 


(3) 


let/-) 

_ 


d 


j^e 


A 

” 

► 

0  =  -Dp7n.,  +  x z) - 

(1) 

vvliich  is  based  on  the  momentum  conservation  of  J  - 
type  particles  in  the  field  B.  Here, 

q.  q.B 

fX  =— 2-  and  =-^,  (2) 

my,  me, 


We  simply  put  =  njy)  and  n,  =  (r.f)  for  the 

electrons,  and 
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Q 

V 
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Further,  ^  stands  for  the  sum  of  j  except  J~e.  The 

ratios  ej  are  of  the  order  1  for  Sg  <  10,  of  which 

values  correspond  to  the  field  strengths  near  but  less 
than  the  critical  field  for  the  helical  instability. 

Second,  talcing  account  of  eq.(3)  and  azimuthally 
uniform  perturbations,  the  assumption  of  the  space 
charge  neutrality  leads 


«p0 

1 

I 

o  1 

1 

1 

(10) 


at  the  strong  field  B  which  gives  e ^  -  0(1).  We  call 
this  restriction  a  same  ratio  approximation. 


3  Discussion 


dz 


f 


(6) 


We  have  considered  the  positive  column  of  CF^  gas  at 
pressure  (1  ~  2)  Torr  with  the  tube  radius  R  =  1  cm. 
For  Ey  -  0(1),  the  ambipolar  field  concretely  given  as 


A  1 


(11) 


Here,  is  the  discharge  field.  We  have  put  the 
charge  =  -q„  -  -q^  -  e,  for  simplicity. 

Then,  we  express  «,  for  the  electrons  and  E^i-  -Vfj) 
as 

“  «,(r)exp{/(/rz  -0)/)}, 

=  V^{r)txip{i{kz  -(o()}. 

Using  the  above  expansions,  eq.(6)  leads  to 

fi,  iK  V, 

\+iaKRE^^^  ' 

where  K=kR  and  a=Tj/(R^£'^^^),  R  being  the  tube 
radius.  We  have  used  Einstein's  relation,  Dj/|p.g|=Te/e, 
Te  being  the  electron  temperature  in  energy  unit. 

From  the  charge  neutrality  assumption,  on  the  other 
hand,  AF,  -  0.  This  leads  to  a  solution 

W  =  Kl,(kr),  (9) 

where  F  is  the  perturbed  potential  at  the  axis  and  Ig(z) 
the  zeroth  order  modified  Bessel  function.  We  may 
regard  F,  as  constant,  i.e.  »  0  in  the  constricted 

plasma  as  stated  in  the  introductory  part.  Therefore, 
eq.(4)  with  eq.(8)  leads  to  the  following  restricted 
density  perturbations. 


becomes  weak  in  the  bulk  of  the  constricted  column, 
but  strongly  the  periphery,  compared  with  that  for  usual 
inert  gas  discharges.  Further,  all  j  -  type  particles' 
mobilities  across  the  field  B  are  of  same  order  in  their 
magnitudes. 

Under  the  above  circumstance,  the  density 
perturbations  are  kept  in  space  charge  neutrality  by 
same  order  drift  speeds  of  each  j  -  type  particles. 

These  perturbations  may  be  proportional  to  their  own 
steady  densities.  Then,  the  restriction(lO)  must  be 
maintained  sufficiently.  If  the  field  B  is  weak  enough 
(Ey  «  1),  the  perturbations  are  preserved  in  their 

charge  neutrality  by  a  quick  response  of  the  electrons 
and  eq.(lO)  is  not  necessary  to  hold  (See  eq.(4)). 
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In  present  time  lots  of  different  types  of  plasma  arc 
instabilities  are  known  [1],  These  instability  types  each 
are  determined  by  inherent  characteristics  both  to  the 
frequency  and  to  the  intensity  of  electromagnetic 
oscillations.  It  is  obvious  that  some  one  of  these  plasma 
instabilities  has  the  individual  initiation  mechanism. 

In  this  paper  we  consider  the  possible  mechanism  of 
electromagnetic  highrfrequency  instability  initiation 
conditioned  by  formation  of  the  three-dimensional 
electrical  negative  charge  near  the  anode  of  the  plasma 
arc.  Kindred  instability  is  exhibited  by  an  experimental 
approach  in  different  technical  systems  using  the 
plasma  arc.  For  example,  xmder  appropriate  conditions 
this  type  of  the  instability  is  initiated  in  the  plasma  arc 
of  such  electro-rocket  engine  as  magnetic  plasma 
dynamic  (MPD)  thrustor.  This  process  is  called  as  the 
limiting  operating  conditions  of  the  MPD  thrustor. 

As  is  known  there  is  a  thin  layer  near  the  anode  inside 
which  the  electro-neutralization  of  the  plasma  arc  is 
broken  and  through  ^^frich  the  electronic  current 
traverses  only.  This  feet  allows  to  consider  the  anode- 
side  region  of  the  plasma  arc  as  a  ordinary  vacuum- 
diode.  In  this  case  the  plasma  arc  plays  a  role  of  the 
cathode  \\frich  can  be  called  the  plasma  cathode. 
Contrary  to  the  metallic  cathode  of  the  ordinary 
vacuumrdiode  which  emits  electrons  from  its  surface 
the  plasma  cathode  generates  the  emission  current  by 
the  whole  volume  of  the  plasma  arc.  Hereafter  we  shall 
use  the  term  "the  anode  current"  J,  to  mean  the 
discharge  current  of  the  plasma  arc  and  the  term  "the 
cathode  current"  J*  to  mean  the  emission  current  from 
the  plasma  cathode  as  is  conventional  in  the  literature 
descriptive  of  processes  in  the  vacuum-diode. 

As  in  case  of  the  ordinary  vacuum-diode,  the  cathode 
current  in  the  anode-side  region  of  the  plasma  arc  may 
be  unequal  to  the  anode  current.  The  quantity  of  the 
cathode  current  depends  on  the  operating  conditions  of 
the  plasma  arc,  namely,  geometrical  sizes,  the  voltage 
and  the  current  of  the  discharge,  the  distribution  of  the 
pressure,  and  the  temperature  in  the  plasma  arc. 

We  consider  the  plasma  arc  scheme  which  is 
diagrammed  in  Fig.  1 . 

The  kinetic  model  of  the  emission  current  generation 
from  the  plasma  arc  bases  on  following  notion.  Each 
point  of  the  plasma  volume  has  Maxwell's  electronic 
speed  distribution  because  of  the  electrical  field  inside 
of  the  plasma  arc  is  absent  practically  and  almost  whole 
plasma  arc  voltage  concentrates  in  the  cathode-side  and 
in  the  anode-side  regions.  As  is  known  Maxwell's  speed 
distribution  depends  of  the  plasma  temperature  which 
is  radius  variant  T(r).  By  virtue  of  the  fact  that  the 


thickness  of  the  anode-side  region  of  the  plasma  arc  in 
the  order  of  the  Debye's  screening  radius  is  far  less  than 
the  plasma  arc  radius  R,  the  radius  of  the  plasma 
cathode  is  set  equal  to  R. 


Anode 


Fig.l  Scheme  of  plasma  arc  for  calculation  of  electron 
emission  current  J,  to  anode-side  region 

It  is  apparent  that  thermal  electrons  of  the  plasma  arc 
do  not  all  have  the  speed  and  the  corresponding  free 
track  length  which  makes  possible  to  reach  the  anode- 
side  region.  For  the  calculation  of  the  emission  current 
quantity  it  is  essential  to  split  the  plasma  cathode 
radius  R  into  the  several  parts,  to  determine  the  plasma 
temperature  T  in  these  regions  with  constant  radiuses 
r.  Using  the  Maxwell's  electronic  speed  distribution 
with  designated  temperature  T  and  the  relationship 
between  the  electron  speed  V  and  its  free  track  length  X 
we  determine  X  as  a  function  of  parameters  T,  V  [2].  In 
the  calculation  of  the  emission  current  with  thermal 
electrons  from  each  of  selected  plasma  parts  the 
electrons  having  X  longer  than  the  distance  R-r  should 
be  taken  into  account  only.  These  electrons  are  among 
the  electrons  from  "the  energy  tail"  of  the  Maxwell's 
distribution  from  some  electron  speed  V,  depending  on 
the  plasma  parameters  at  a  point  on  the  cylindrical 
surface  with  the  radius  r.  After  integration  we 
determine  the  whole  emission  current  from  the  plasma 
cathode  in  the  anode-side  region. 

These  calculations  were  performed  for  the  plasma  arc 
with  following  conditions:  working  substance  -  argon  at 
operating  pressure  of  10“  Pa;  plasma  arc  radius  R  =  5 
millimeters. 

The  calculations  of  the  radius  temperature  distribution 
of  the  plasma  arc  were  performed  by  the  known 
procedure  [3]. 
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The  results  of  these  calculation  under  a  variety  of 
discharge  current  of  the  plasma  arc  are  shown  in  Fig.2. 


Fig.2  Plasma  arc  discharge  current  Ju  dependence 

of  the  electron  emission  current  J.  to  anode-side 
region  of  plasma  arc. 

From  these  curves  it  will  be  obvious  that  the  electronic 
emission  current  from  the  plasma  arc  increases  with 
increasing  of  the  anode  current.  The  place  of  emission 
increasing  is  more  rapid  than  the  same  parameter  of  the 
anode  current.  The  emission  current  becomes  more  the 
anode  current  starting  with  some  value.  This  mode  of 
operation  of  the  vacuum-diode  is  called  as  a  virtual 
cathode  behaviour.  In  this  case  there  is  a  minimum  of 
electrical  potential  distribution  between  the  plasma 
cathode  and  the  anode  of  the  plasma  arc.  As  it  is  in  the 
vacuum-diode  this  electrical  potential  distribution  is  not 
stable  and  this  mode  of  plasma  arc  operation  is 
accompanied  by  electromagnetic  instability  of  plasma 
arc. 

The  analysis  of  the  problems  discussed  above  shows 
that  the  situation  when  the  emission  current  is  greater 
than  the  anode  current  reveals  itself  more  effective  with 
decreasing  of  plasma  density  in  the  plasma  arc.  This 
fact  has  been  confirmed  experimentally  because  of 
arising  of  the  limiting  operating  condition  of  the  MPD 
thrustor  with  smaller  anode  current  if  plasma  flow  rate 
through  the  MPD  thrustor  decreases. 
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1.  Introduction 

Observations  of  double  layers  (DLs)  and  solitary 
waves  in  the  auroral  or  magnetospherical  plasma  made 
to  be  a  origin[l],  there  has  been  great  deal  of  interest  in 
studying  the  electrostatic  solitary  waves  in  a  magnetic 
field.  Many  of  works  related  to  this  subject  have  been 
done  in  a  plasma  with  two  electron  temperatures,  ion 
beam,  negative  ions  species,  and  oblique  magnetic  field. 
Main  characteristics  of  the  DLs  or  the  solitaiy  waves  in 
a  magnetic  field  can  be  summarized  as  follows, 
"containing  magnetic  -field  -aligned  electric  field”,  “V 
shape  rarefactive  perturbations”  and  “moving  with 
slower  velocity  than  the  ion  acoustic  velocity”. 

In  this  paper,  we  present  for  the  experimental 
evidence  of  subsonic  ion  acoustic  envelopes, in  a  weakly 
magnetized  plasma. 

2.  Experimental  setup 

The  experiments  were  performed  in  a  magnetic 
multi-pole  plasma  device  with  80cm  length  and  60cm 
diameter  as  shown  in  Fig.  1.  The  plasma  is  produced  by 
a  dc  discharge  in  argon  at  1~2  X  10'''Torr.  The  typical 
plasma  parameters  are:  plasma  density  iig  =  3~5X 
10*cm'^,  electron  temperature  Te  =l~1.5eV  and  ion 
temperature  Ti  <  Tg/ 10.  A  Helmholtz  coil  (36cm 
diam)  provides  for  a  region  of  uniform  weak  magnetic 
field  (Bo<20G),  which  direction  can  be  changed  by 
rotation  of  the  coils. 

The  double  plasma  (  DP  )  method  is  conventionally 
employed  to  excite  the  large  amplitude  electrostatic  ion 


perturbations,  e.g.,  ion  acoustic  solitons,  ion  beam  and 
DLs.  In  this  experiment,  the  grid  excitation  method  has 
been  adopted  in  order  to  avoid  the  creation  of  ion  beam 
by  the  DP  method.  A  movable  one-side  plane  Langmuir 
probe  (10mm  diam)  and  an  emissive  probe  have  been 
used  to  detect  the  density  perturbations  and  the  plasma 
potential. 


Fig.  1.  Schematic  of  the  magnetic  multi-pole  device. 
G  ;  an  excitation  grid  (30cm  diam).  HC  ;  a  Helmholtz 
coil  (36cm  diam).  F  ;  filaments.  P  ;  an  electrostatic 
probe,  EP  ;  an  emissive  probe. 


2.  Experimental  results 


One  period  of  sinusoidal  negative  potential  pulse  (Vpp  = 
3~5v,  f=100~120kHz^fpi  /5  )  has  been  applied  to  the 
grid.  The  ion  acoustic  perturbations  detected  by  the 
probe  at  X=20cm  from  the  grid  are  shown  in  Fig.2  as  a 
parameter  of  parallel  magnetic  field. 

A  leading  rarefactive  perturbation  (A)  is  excited  by 
the  initially  applied  negative  pulse,  and  large  amplitude 
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Fig.2  .  Variation  of  the  ion  acoustic  perturbations  in 
a  parallel  magnetized  field. 

oscillating  waves  (B)  are  followed  by  the  first 
rarefactive  perturbation.  Both  waves  A  and  B  are 
propagated  to  coalesce  with  the  ion  acoustic  velocity 
(Cs).  Behind  the  oscillating  waves,  a  small  trailing 
perturbation  (C)  which  is  also  observed  in  upper  trace 
(B=0)  of  Fig.2.  increases  the  amplitude  and  forms  a 
envelope  in  parallel  weak  magnetic  fields  (B=3~5 
Gauss).  The  group  velocity  of  the  envelope  is  slower 
than  the  Cs.  These  characters  of  the  wave  excited  by  a 
negative  potential  pulse  are  almost  equal  to  the  previous 
experiment  which  was  performed  in  a  DP  device  [2]. 

Rarefactive  ion  acoustic  waves  excited  by  a  negative 
pulse  were  investigated  by  E.Okutsu  et.  al  [3].  But  they 
had  not  noticed  the  trailing  slow  envelope,  because  their 
experiment  was  performed  in  a  magnetic  field  free 
plasma. 

Spatial  and  temporal  scale  of  the  plasma  in  a 
parallel  magnetic  field  of  5  Gauss  are  as  follows; 


R~roi(60cm)  >  rpr~rce(0.5cm)  >  T  D(0-5mm)  and 
fci  (200Hz)<fpi  (600kHz)  <fce(14MHz)  ,  where  R  ,  rpr 
are  device  dimension  and  probe  radius,  respectively. 
Motion  of  the  electron  is  only  restricted  in  a  weak 
magnetic  trough  with  the  electron  gyro-radius.  The 
dispersion  relation  of  ion  acoustic  waves  derived  from  a 
fluid  model  is, 

C  -  ^  1  ^  y,K  rA  ^  (1) 

*  k  \  M  \  +  k'^X^D  M  J 

where  ,  Ye  *’^tio  of  specific  heats  of  ion  and 

electron.  The  frequency  of  envelope  is  composed  of  the 

second  harmonic  of  the  precedent  oscillating  waves. 

The  phase  velocity  of  the  waves  in  the  envelope  can  be 

estimated  by  the  dispersion  relation  (1).  The  time  lag  of 

the  envelop  which  is  proportioned  to  the  group  velocity 

increases  in  a  magnetized  plasma  as  shown  in  Fig.2. 

4.  conclusion 

Characteristic  features  of  the  ion  acoustic  envelope 
are  summarized  as  follows;  the  envelope  is  generated 
behind  a  rarefactive  perturbation,  the  group  velocity  of 
the  envelope  is  slower  than  Cs  and  the  envelope 
increases  the  amplitude  in  a  weak  parallel  magnetic 
field.  The  existence  of  the  ion  acoustic  envelope  solitons 
in  a  plasma  with  nonisothermal  electrons  has  been 
predicted  by  H.Schamel  and  P.K.Shukla[4]. 
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1.  Introduction 

When  ion  waves  propagate  in  a  negative  ion  plasma, 
there  are  two  mode  of  propagation:  a  fast  mode  and  a 
slow  mode[l].  The  fast  mode  wave  was  observed  by 
Wong  et  al.  using  a  Q-machine  [2],  Only  a  few 
observations  of  the  slow  mode  wave  have  been  reported, 
to  our  knowledge.  So  far,  there  are  many  investigations 
of  ion  waves  in  a  negative  ion  plasma,  however,  the 
dispersion  relation  has  not  yet  been  so  clear,  especially 
in  high  frequency  region. 

Here,  we  have  studied  detailed  dispersion  relation  of 
ion  waves  in  a  negative  ion  plasma.  In  the  case  of 
r,  =  O.leV,  it  was  found  that  the  phase  velocity  of  the 
fast  mode  wave  does  not  agree  with  the  theoretical 
dispersion  relation,  when  excidng  frequency  approaches 
to  a  positive  ion  plasma  frequency.  It  was  also  found 
that  the  measured  phase  velocitis  increase  in  proportional 
to  ,  where  /  is  an  exciting  frequency.  This  depend¬ 
ence  suggests  that  the  free-streaming  [3]  effect  appears 
in  the  negative  ion  plasma.  Furthermore,  we  measure 
the  detailed  dispersion  relation  of  ion  waves  in  a  negative 
ion  plasma  in  order  to  examine  the  effect  of  negative 
ions  in  the  case  of  T,  =  le  V  and  compare  with  the  previous 
results  in  the  case  of  7^  =  O.leV . 

2.  Experimental 

The  experiments  were  performed  using  a  negative  ion 
double  plasma  (D.P.)  device,  200cm  in  axial  length  and 
100cm  in  diameter  in  case  T,  =  O.leV.  It  has  two  pairs 
of  magnetic  cages  and  is  separated  into  a  source  and  a 
target  region  with  an  electrically  floating  grid.  The  plasma 
is  produced  by  a  dc  discharge  in  the  outer  region  and 
diffuses  across  the  cage  into  experimental  region  where 
SFj  molecules  form  negative  ions  (SF^‘)  due  to  electron 
attachment.  A  Schimatic  diagram  of  the  negative  ion 
double  plasma  device  is  shown  in  Fig.  1.  In  the  case  of 
7^  =  leV,  a  usual  D.P.  device,  100cm  in  axial  length 
and  50cm  in  diameter  was  used.  It  has  one  pair  of  magnetic 
cages  and  is  separated  into  source  and  target  region  by 
similar  way.  Typical  plasma  parameters  in  experimental 
region  were  as  follows :  n,  =  10’  - 10' cm"’,  T,  =  O.leV 
or  r,  =leV.  In  order  to  determine  the  negative  ion 
concentration,  we  measured  the  ratio  6f  the  negative 


saturation  current  of  the  Langmuir  probe  characteristics 
before  and  after  introducing  SF^  gases.  The  same  method 
was  used  previously  by,  for  example,  Wong  et  al.  [2]. 
Ion  waves  were  excited  by  applying  40mV  or  200mV 
sinusoidal  voltages  to  the  anode  of  the  source  plasma  or 
separation  grid  respectively.  Plasma  parameters  and  wave 
signals  were  measured  with  a  plane  Langmuir  probe. 
The  dispersion  relation  of  ion  waves  was  obtained  from 
the  wave  pattern  which  is  measured  using  the  interference 
method. 


200  cm 


Target  Source 


Fig.l  Schematic  diagram  of  the  negative  ion  double 
plasma  device. 


3.  Results  and  Discussion 

First,  we  show  the  results  in  the  case  of  7,  =  O.leV. 
By  introducing  SF^  gases,  we  observed  increases  in  the 
wave  length  and  damping  length.  The  fast  mode  wave 
in  a  negative  ion  plasma  is  known  to  have  the  same 
tendency.  In  order  to  identify  the  waves  which  we 
observed,  we  compared  the  dispersion  relation  of  these 
waves  with  the  theoretical  dispersion  curves  of  the  fast 
mode  wave.  Here  we  assumed  7^/7’,  =  7/7,  =1/6.  The 
result  is  shown  in  Fig.  2.  Figure  2-(a)  shows  that  the 
experimental  results  deviate  from  the  expected  dispersion 
curve  in  high  frequency  region.  This  deviation  is  caused 
by  an  increase  in  the  phase  velocity  of  the  observed  ion 
waves.  If  observed  waves  are  bursts,  the  phase  velocity 
should  increase  with  increasing  exciting  voltages. 
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However  it  remained  constant  when  applied  voltages 
are  changed  from  40mV  to  400mV.  Thus  the  observed 
waves  are  not  bursts.  Figure  2-(b)  shows  that  the 
dependence  of  the  increase  in  the  phase  velocity  on 
exciting  frequency  in  high  frequency  region  is  about 
This  experiment  is  considered  to  be  the  first 
observation  of  the  free-streaming  in  a  negative  ion  plasma 
from  above  result.  We  mention  that  no  slow  mode  wave 
was  found  in  our  experiments,  which  is  explained  by 
taking  into  account  strong  Landau  damping  of  the  slow 
mode  wave  for  the  parameters  which  we  used. 

Next,  we  show  the  results  in  the  case  of  T,  =  kV.  In 
this  device,  the  negative  ion  species  is  also  identified  as 
SFj"  by  preliminary  experiments.  By  introducing  SF^ 
gases,  we  also  observed  the  fast  mode  wave  in  a  negative 
ion  plasma.  We  examined  the  dependence  of  the  phase 
velocity  of  the  wave  on  exciting  frequency.  The  result  is 
shown  in  Fig.  3,  where  T^/T,  =  T /T,  =1/10  was  assumed. 
Figure  3  shows  that  the  phase  velocities  of  observed 
waves,  when  negative  ion  concentration  was  low,  agree 
with  the  expected  one  obtained  from  a  kinetic  dispersion 
relation.  When  negative  ion  concentration  is  high, 
however,  the  observed  phase  velocities  deviate  from 
expected  one  in  high  frequency  region,  though  we  could 
not  confirm  the  power-law  type  dependence  of  the  phase 
velocity  on  the  frequency. 

tii 


Fig.2  (a)  Dispersion  relation  of  ion  waves.  Solid  curve 
is  the  theoretical  dispersion  relation  of  fast  mode 
waves.  Negative  ion  concentration  y  =0.23. 

(b)  Phase  velocities  of  ion  waves  in  fig.l  (a)  as  a 
function  of  frequency.  In  high  frequency  region, 
the  dependence  of  phase  velocities  on  frequency 
is  about  . 


Fig.3  Phase  velocities  of  the  ion  waves  as  a  function  of 
frequency.  Solid  curves  are  theoretical  values 
of  phase  velocity  of  fast  mode  wave.  Negative 
ion  concentration  7=0.33,  0.54,  0.84,  0.90, 
0.93. 

4.  Conclusion 

The  fast  mode  wave  in  a  negative  ion  plasma  was 
observed  in  two  electron  temperature  cases  T,  =  O.kV 
and  r.  “kV.  In  the  case  of  T,  =0.kV,  we  observed 
the  free-streaming  like  dependence  of  the  phase  velocity 
on  exciting  frequency  ( «  /'^)  in  high  frequency 
region.  In  the  case  of  T,  «  kV,  when  the  negative  ion 
concentration  was  low,  the  observed  phase  velocities 
showed  the  good  agreement  with  expected  one.  However, 
when  the  negative  ion  concentration  was  high,  the 
observed  phase  velocities  deviated  from  expected  one  in 
high  frequency  region. 

Here,  we  are  only  concerning  with  the  real  part  of  the 
dispersion  relation,  but  for  more  detailed  examination 
of  the  fast  mode  wave  propagation,  it  is  necessary  to 
compare  the  imaginary  part  of  theoretical  values  with 
experimental  results.  It  would  be  also'  necessary  to 
estimate  the  magnitude  of  free-streaming  effect  and  the 
excitation  coefficient  of  each  modes  and  the  contribution 
of  electron  temperature  to  the  wave  excitation,  which 
are  our  future  work.  The  excitation  of  the  slow  mode 
wave  in  a  negative  ion  plasma  is  still  an  interesting 
subject  in  plasma  physics. 
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l.Introduction 

The  final  disposal  of  low  level  radioactive  miscellaneous 
solid  waste  produced  by  nuclear  power  plants  will  start 
around  the  year  2000  in  Japan.  Electric  utilities  have 
imposed  that  wastes  must  be  solidified  before  final 
disposal.  Thermal  plasma  technology  offers  advantages 
for  the  miscellaneous  waste  treatment  such  as  stable 
heating  at  high  processing  rate  as  well  as  high  volume 
reduction  rate  and  long  stabilization  of  radionuclides. 
We  have  investigated  the  migration  behavior  of  cold 
tracers  during  melting  and  the  material  properties  of 
solidified  products  in  case  of  metallic  and  incombustible 
materials[l-3].  This  paper  describes  the  results 
concerning  the  migration  behavior  of  cold  tracers  and 
material  properties  of  solidified  products  in  case  of 
simultaneous  melting  of  metallic,  incombustible  and 
combustible  wastes[4]. 


2.ExperimentaI  Procedure 


Fig. I.  lOOkW  class  plasma  melting  system 


We  selected  carbon  steel,  fly  ash  and  wood  as 
representatives  of  metallic,  incombustible  and 
combustible  waste  respectively.  Also  we  selected  Co, 
Cs  and  Sr  as  the  cold  tracers.  10kg  of  carbon  steel  and 
3kg  of  fly  ash  were  set  with  cold  tracers  in  the  crucible 
of  the  lOOkW  class  plasma  melting  system  shown  in 
Fig.  1 .  Then  these  materials  were  melted  by  transferred 
type  of  the  thermal  plasma  at  the  power  of  30kW 
(200A)  for  30min.,  38-44kW  (300A)  for  30min.  and 
45-53  kW  (500 A)  for  15min.  in  the  order.  The  feeding 
of  2g  of  wood  started  after  5  min.  of  the  arc  ignition  and 
continued  for  55  min.  The  air  ratio  (the  ratio  of  the 
amount  of  air  needed  theoretically  for  complete 
combustion  to  that  injected  experimentally  into  the 
furnace)  was  adjusted  by  changing  the  feeding  interval 
of  wood  and  air  injection  flow  rate.  Carbon  steel  and  fly 
ash  were  melted  in  the  N2  and  CO  atmosphere 
simulating  reductive  gases  generated  by  pyrolysis  of 
combustible  waste.  Table  1  shows  the  experimental 
conditions.  In  the  table,  CO  gas  concentrations  are  the 
mean  value  during  melting.  The  reason  why  CO  gas  was 
not  detected  under  the  conditions  of  the  air  ratio  of  0.5 
and  1.0  is  because  of  consumption  of  the  oxygen  in  the 
water  cooled  chamber. 

We  clarified  the  migration  behavior  of  cold  tracers 
from  the  weight  and  composition  of  solidified  products. 
Distribution  of  cold  tracers  and  specific  gravity,  uni¬ 
axial  compressive  strength  of  slag  layers  and  statistic 
leaching  rates  of  cold  tracers  were  investigated  as 


material  properties  of  solidified  products.  The  statistic 
leaching  tests  were  based  on  MCC-IP  standards,  that  is, 
test  specimens  were  immersed  into  deionized  water  at 
constant  temperatures  of  10  and  40  °C  for  3,  7,14  and 
28  days.  The  value  of  SA/V  (surface  area  of  specimen  / 
leachant  volume)  was  0.1cm''  for  slag  layers  and 
lOOcm''  for  metallic  layers.  The  normalized  elemental 
mass  loss  (NLi)  is  calculated  using  Eq.(l)  and  leaching 
rate  is  calculated  by  dividing  NLi  by  leaching  periods. 


NLi  = 


"'si-”'bi 
fj  -SA 


(1) 


In  this  equation,  msi  and  mbi  are  mass  of  element  i  in  the 
leachate  and  in  the  blank  leachate,  respectively  and  fi  are 


mass  fraction  of  element  i  in  the  specimen. 
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3.Results 

3.1  Migration  behavior  of  the  cold  tracers 

The  general  migration  behavior  of  an  element  during 
melting  can  be  explained  from  its  thermodynamic 
properties,  such  as  the  standard  free  energy  for  oxide 
formation  and  the  saturated  vapor  pressure.  It  is 
experimentally  confirmed  that  Co,  of  which  the  standard 
free  energy  value  is  larger  than  that  of  Fe  contained  as  a 
main  component  of  metallic  layer,  migrated  into  metallic 
layer  and  that  Sr,  of  which  the  standard  free  energy  is 
lower  than  that  of  Fe,  migrated  into  slag  layer  as  shown 
in  Fig. 2.  Cs  high  in  saturated  vapor  pressure  partially 
migrated  into  the  dust.  Even  though  the  boiling  point  of 
Cs  is  lower  than  the  molten  bath  temperature,  it  can  be 
captured  in  the  slag  layer.  One  possible  reason  is  that  Cs 
ions  are  trapped  in  the  random  tetrahedron  structure  of 
Si04  in  the  same  mechanism  as  Na  ions  are  trapped  in 
the  Si02-Na20  glass.  The  most  important  result  in  the 
figure  is  that  the  migration  ratios  of  Cs  into  the  stag 
layer  decrease  when  CO  gas  was  detected  constantly  in 
the  off  gas  (No. 4,5).  This  suggests  that  continuous 
reductive  atmosphere  in  the  furnace  should  be  avoided 
from  the  viewpoint  of  Cs  migration  behavior. 


H  Metallic  layer  □  Slag  layer  ■  Dust 


Fig.2.  Migration  behavior  of  cold  tracers. 


3.2  Material  properties  of  solidified  products 

Fig.  3  shows  the  distributions  of  cold  tracers’ 
concentrations  and  specific  gravity  in  the  solidified 
product  in  a  case  where  the  air  ratio  was  2.  The  values 
of  the  relative  standard  deviations  (standard  deviation  / 
mean  value)  of  concentrations  or  specific  gravity  are 
less  than  5%  in  each  solidified  products.  We  can 
confirm  that  these  distributions  are  uniform.  This  result 
indicates  that  it  will  be  easy  to  measure  the  total 
radioactivity  of  the  waste  forms  before  final  disposal 
without  distracting  them. 

The  uni-axial  compressive  strength  of  slag  layers  are 
more  than  500kg  •  cm'^  in  each  solidified  products. 
These  values  are  larger  than  those  of  solidified  cement 
waste  forms  (200-400  kgf •  cm'^)  already  used  for  final 
disposal  of  liquid  waste.  So  these  values  are  high 
enough  to  bear  the  weight  of  waste  forms  themselves 
stacked  up  to  9  layers  in  the  disposal  site. 

Only  Sr  was  detected  in  the  leachate  of  slag  and 
leaching  rates  are  of  the  order  of  10'*g'cm'^-day'‘  for 
28  days  periods.  This  value  indicates  that  slag  layers  has 
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a  good  performance  to  stabilize  the  radionuclides.  The 
leaching  rates  of  Co  and  Cs  are  calculated  using  the 
values  of  detectable  limits.  They  are  of  the  order  of  Iff®, 
Iff’g'cm'^'day',  respectively. 


c/3  on 


(a)  Slag  layer  (b)  Metallic  layer 

Fig.3.  Distributions  of  cold  tracers’  concentrations 
and  specific  gravitj'  in  the  solidified  products 


4.  Conclusion 

Carbon  steel,  fly  ash  and  wood  were  selected  as 
representatives  of  metallic,  incombustible  and 
combustible  wastes  generated  from  nuclear  power 
plants.  They  are  melted  simultaneously  with  the  cold 
tracers  by  thermal  plasma  heating  by  changing  the  air 
ratio.  Solidified  products  show  good  properties  for  final 
disposal  such  as  high  uni-axial  compressive  strength  of 
slag  layers,  uniform  distributions  of  the  cold  tracers’ 
concentrations  and  gravdty  in  both,  metallic  and  slag 
layers  and  low  leaching  rate  of  cold  tracers  from  both 
layers.  But  the  results  of  migration  behavior  of  Cs 
suggest  that  proper  treatment  conditions  should  be 
chosen  in  order  to  avoid  extremely  reductive 
atmosphere  when  combustible  wastes  are  treated. 
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1.  Introduction 

Recent  development  in  the  domain  of  water 
treatment  have  led  to  so-called  Advanced  Oxidation 
Processes.  AOPs  are  ambient  temperature  water 
treatment  processes  that  involve  the  generation  of 
highly  reactive  radicals  (in  particular  OH*)  and 
transient  speeies,  which  destruct  organic  pollutants 
in  water  without  any  secondary  disposal 
requirements. 

The  use  of  non-thermal  plasma  generated  in  the 
liquid  water  matrix  has  been  demonstrated  to  be  an 
alternative  to  other  AOPs  as  UV  photolysis  and  e- 
beam  treatment.  The  starting  step  in  the 
development  of  a  non-thermal  plasma  AOP  was  the 
pioneering  work  of  Clements  et  al.  [1]  on  pulsed 
positive  streamer  corona  generated  in  water  using  a 
point-to-plane  geometry  of  electrodes.  Recently,  the 
pulsed  positive  point-to-plane  streamer  corona 
discharges  has  been  demonstrated  to  be  effective  in 
the  production  of  the  radicals  [2-5].  However,  the 
studies  have  revealed  that  in  the  point-to-plane 
geometry  the  streamers  fill  the  reactor  volume 
inhomogeneously,  and  the  corona  discharge  exists 
within  only  a  narrow  range  of  applied  pulsed 
voltages.  In  addition,  discharge  characteristics  were 
foimd  to  be  extremely  sensitive  to  changes  in  water 
conductivity  and  scaling  of  such  type  of  reactor  is 
difiicult. 

As  a  solution  of  the  above  mentioned  problems  a 
coaxial  type  pulsed  corona  reactor  has  been 
constructed  [6],  where  a  homogeneous  high-density 
streamer  discharge  is  generated  using  a  special 
ceramics-metal  eomposite  anode.  This  contribution 
describes  basic  electrical  characteristic  of  an 
improved  model  of  this  reaetor  type.  The  results  of 
tests  of  chemical  efiectivity  of  the  reactor  will  be 
published  elsewhere. 

2.  Experimental  set-up  and  results 

Experimental  set-up  used  is  schematically  shown 
in  Fig.1.  The  6  mm-diam.  anode  coated  by  porous 
layer  of  AI2O3  is  immersed  in  the  cylindrical 
stainless  steel  ehamber  with  a  diameter  of  30  mm 
and  length  of  200  mm.  Fast  rising  ;high  voltage 
pulses  are  produced  by  a  cable  generator.  A  pulse 


forming  line  (12.5  Q)  made  from  four  50  Q  coaxial 
cables  was  charged  up  to  50  kV  from  a  DC  power 
supply.  The  forming  line  output  was  switched  to 
the  discharge  chamber  by  means  of  rotating  spark 
gap.  The  discharge  gap  voltage  and  current  were 
measured  by  a  capacitive  divider  and  Rogowski  coil. 
The  measurements  were  made  for  the  pulse  voltage 
amplitudes  up  to  30  kV,  corresponding  current 
maxima  up  to  1750  A,  and  the  HV  pulse  frequency 
up  to  200  Hz.  Figure  2  shows  a  typical  couple  of  HV 
voltage  and  current  pulses  measured. 

The  fimdamental  characteristics  of  the  discharge 
that  should  be  known  for  determination  of  its 
chemical  effectivity  and  for  optimisation  of  the 
reactor  is  the  instant  ratio  of  the  power  used  in  the 
discharge  to  the  total  power  input.  This  can  be 
estimated  from  V/A  charaeteristics  measured  at 
different  values  of  the  time  delay  t'  as  those  shown 
in  Fig.  3.  A  typical  value  of  this  ratio  estimated  for 
tap  water  of  5  kO.cm  resistivity  used  is  some  30%. 


Fig.2  Typical  voltage  U'  and  current  I'  waveforms 
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Fig.3  U'-r  characteristics  at  measured  at  different 
time  points  t’  (see  Fig.  2). 

3.  Discussion 

Physical  tests  of  the  coaxial  reactor  have  shown 
that  using  the  composite  anode  together  with 
coaxial  geometry  makes  possible  to  generate  a 
bushlike  coaxial  streamer  discharge  filling 
homogeiwously  the  reactor  volume  without 
depending  critically  on  the  water  conductivity  and 
applied  voltage  stability.  In  addition,  such  coaxial 
discharge  can  easily  be  scaled  up  to  practical 
applications. 

Preliminary  measurements  of  the  decomposition 
of  small  amounts  of  phenol  in  aqueous  solution 
have  indicated  that  in  this  case  study  the  energy 
effectiveness  of  the  reactor  is  higher  than  that  of  e- 
beam  treatment  and  UV  photolysis.  In 
determination  of  the  energy  effectiveness  especially 
helpful  would  be  a  direct  measurement  of  the  OH* 
densities  by  a  CARS  experiment. 

To  optimise  the  streamer  corona  reactor  of  prime 
importance  is  the  understanding  of  the  streamer 
ionisation  mechanism  [7],  Unfortunately,  there  is 
little  data  available  on  the  streamer  formation  and 
propagation,  in  particular,  on  the  question  whether 
or  not  an  electron  avalanche  can  occur  in  liquid 
water  without  changing  density  of  water.  There 
seems  to  be  a  difference  in  this  opinion.  According 
to  the  recent  paper  [8]  the  streamer  front  develops 
via  heating  ly  electron  injection,  lowering  of  the 
liquid  density,  and  the  subsequent  avalanche 
growth,  i.e.,  a  bubble  process.  On  the  other  hand,  it 
has  been  suggested  that  an  avalanche  can  growth  in 
liquid  water  by  an  electronic  process  without  a 
significant  density  change  under  the  influence  of 
high  amplitude  pulsed  electric  field.  To  explain  it, 


the  mechanisms  as  collision  ionisation  [9],  filed 
ionisation  [10],  and  ionised  waves  associated  with 
proton  hopping  [1 1]  have  been  suggested.  Since  in 
[10]  at  the  anode  fields  higher  than  700  kV/cm 
during  the  streamer  propagation  no  hydrodynamic 
phenomena  were  observed  in  the  streamer  front  and 
due  to  transparency  of  such  fast  primary  streamer 
we  favour  this  hypothesis. 
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Abstract 

In  this  paper  results  of  modelling  of  chemical  processes 
in  a  dry  or  humid  mixture  of  N2:02(5%):C02(15%)  with 
addition  of  400  ppm  NO  subjected  to  a  dc  corona 
discharge  are  presented.  The  results  show  that  NO^ 
removal  in  the  dry  operating  gas  is  less  effective  than 
that  in  the  humid  one.  In  the  humid  operating  gas  (8% 
H2O,  i.e.  concentration  of  water  vapour  typical  of 
exhaust  gases)  the  dc  corona  discharge  decreases  NO* 
concentration  about  65%,  while  in  the  dry  operating  gas 
the  NOx  removal  is  about  35%.  The  removal  of  NOx 
from  the  humid  operating  gas  is  possible  owing  to  OFI 
and  HO2  radicals  produced  from  H2O  in  the  corona 
discharge. 

INTRODUCTION 

For  over  twenty  years  researches  have  been  trying  to 
remove  NOx  from  exhaust  gases  by  subjecting  them  to 
a  corona  discharge  [1].  Apart  from  experimental 
investigations  computer  models  of  chemical  processes 
are  being  developed  for  clarifying  a  mechanism  of  NO* 
removal  [2,  3]. 

In  this  paper  a  model  of  chemical  processes  in  a  dry  or 
a  humid  mixture  of  N2:02(5%):C02(15%)  with  addition 
of  400  ppm  NO  subjected  to  a  dc  corona  discharge  are 
presented.  The  mixture  simulates  the  exhaust  gas 
emitted  by  fossil  fuel  power  plants.  To  clarify  the  role  of 
H2O  in  the  process  of  NOx,  concentration  of  H2O  in  the 
operating  gas  was  varied  in  the  range  0-50%.  Special 
attention  was  put  to  the  variation  of  concentrations  of 
NO,  NO2,  NOx  and  HNO3  produced  in  the  discharge. 

MODELLING 

A  model  of  chemical  processes  in  the  N2;02:C02:N0 
mixture  subjected  to  a  dc  corona  discharge  considered 
basic  parameters  of  dc  corona  discharge  and  chemical 
reactions  occuring  in  the  exhaust  gases  and  known  from 
literature. 

It  was  assumed  that  a  dc  corona  discharge  is  generated 
in  the  reactor  with  the  electrodes  of  the  point-to-plate 
geometry.  The  analysis  is  local.  No  spatial  dependence, 
i.e.  neither  diffusion  nor  a  hydrodynamic  expansion  of 
the  corona  discharge  column,  was  taken  into  account..  It 


was  also  assumed  that  the  discharge  is  consisted  of 
a  series  of  rectangular  current  pulses  which  correspond 
to  primary  streamers.  Each  current  pulse  produces  the 
same  electrons  concentration  in  the  operating  gas.  On 
the  base  of  previous  experiment  and  model  [4]  it  was 
assumed  that  typical  duration  time  of  current  pulse  is  20 
ns,  repetition  time  is  1 0"*  s  and  electrons  concentration  is 
10‘^  cm'^.  During  the  pulses  electrons  collide  (primary 
reactions)  with  N2,  O2,  CO2  and  H2O  producing 
chemical  active  species  which  react  with  all  components 
of  the  operating  gas  (secondary  reactions).  The  reaction 
rate  coefficients  of  the  primary  reactions  depend  on 
electric  field  in  the  discharge  [5]: 

u  _  1  o-a-B/(E/N) 

Kj-lU 

where:  kj  -  rate  coefficient  for  i  primary  reaction 
(cm'^’S’'), 

A,  B  -  coefficients, 

E  -  electric  field  (V-cm"'), 

N  -  gas  density  at  273  K  and  1  at  (mol.-cm''’) 

The  value  of  the  electric  field  in  the  discharge  was  taken 
from  [2].  The  reaction  rate  coefficients  of  the  secondary 
reactions  were  taken  from  the  literature  [6]-[8].  The 
model  includes  242  reactions  with  39  radicals,  ions  and 
molecules. 

RESULTS  AND  CONCLUSION 

The  results  of  modelling  are  presented  in  Fig.  1.  In 
general,  the  results  show  that  NO  is  removed  from  the 
operating  gas  while  NO2  and  HNO3  (in  humid  gas)  are 
produced  by  the  dc  corona  discharge.  The  NOx  removal 
in  the  dry  operating  gas  is  less  effective  than  that  in  the 
humid  one.  In  the  case  of  the  operating  gas  with  8% 
H2O  the  dc  corona  discharge  processing  decreases  NOx 
concentration  from  400  ppm  to  130  ppm.  The  removal 
of  NOx  fr'om  tfrs  humid  operating  gas  is  possible  owing 
to  OH  and  HO2  radicals  produced  from  H2O  in  the 
corona  discharge.  The  rates  of  the  reactions  between 
these  radicals  and  nitrogen  oxides  are  much  higher  than 
those  between  N  and  O  radicals  produced  in  the  dry 
operating  gas  and  nitrogen  oxides.  The  main  product  of 
NOx  removal  in  the  humid  operating  gas,  is  HNO3.  It  can 
be  easily  removed  from  the  exhaust  gas  by  adding  NH3, 
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Residence  time  ($) 


Fig.  1.  Concentrations  of  NO,  NO2,  NOx  and  HNO3  in  the  N2:02(5%):C02(15%)  +  NO  (400  ppm)  mixture  as  a  function 
of  residence  time  for  different  H2O  concentrations. 


which  reacts  with  HNO3  producing  ammonium  salts 
NH4NO2  and  NH4NO3  which  can  be  used  as  fertilisers  in 
agriculture.  The  optimal  conditions  of  the  NOx  removal 
process  by  the  dc  corona  discharge  processing, 
regarding  the  efficiency  of  NOx  removal,  lowest 
production  of  HNO3  and  low  energy  consumption,  are; 
the  residence  time  of  0.04  s  and  8%  H2O.  This  means 
that  exhaust  gases  usually  contain  water  vapour  enough 
for  the  optimal  removal  of  NOx  by  corona  discharge 
processing. 
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l.Introduction 

As  is  known,  pulsed  corona  discharges  are  used  for 
flue  gas  pollution  control.  The  ionized  channel  crea¬ 
ted  by  the  successive  streamers  crossing  the  flue  gas 
is  a  highly  reactive  medium  in  which  the  toxic  oxides 
(NOx  or  SO2)  are  removed.  Indeed,  the  inelastic  colli¬ 
sions  between  charged  and  neutral  particles  induce 
during  a  first  phase,  the  excitation,  dissociation  and 
ionization  of  the  flue  gas.  These  primary  (OH,  O,  N) 
and  secondary  (O3,  HOj)  radicals  thus  created  are 
involved  in  the  oxide  transformation  into  acid  (e.g. 
HNO3)  in  a  second  phase  and  then  into  mineral  salt 
(e.g.  nitrate)  in  the  last  phase  discharge.  Moreover, 
the  elastic  collisions  and  the  thermal  energy  relaxa¬ 
tion  of  excited  states  increase  the  gas  temperature  due 
to  the  neutral  gas  dynamics. 

The  aim  of  this  communication  is  to  stucfy  this  flue 
gas  temperature  rise  and  to  analyze  its  effects  on  the 
chemical  kinetics  for  particularly  the  NO  removal  in 
the  case  of  a  wire-cylinder’  (gap=35mm,  anode  vol- 
tage=30KV,  ma.ximum  current=20mA)  corona  dis¬ 
charge  at  atmospheric  pressure  for  an  initial  gas  tem¬ 
perature  of  300K  in  a  flue  gas  involving  74%N2, 
15%C02,  6%H20,  5%02  and  a  few  ppm  of  NO. 
l.FIue  gas  discharge  models 
Present  calculations  are  based  on  a  chemical  kinetics 
modeP  coupled  to  a  neutral  dynamics  modeP  for  gas 
temperature  estimation  and  to  an  analytical  model' 
for  electric  field  and  electron  current  density  evalua¬ 
tions  in  the  ionized  channel.  This  electric  model  in¬ 
cludes  the  effects  of  the  primary  and  secondary  strea¬ 
mers  during  a  time  tdis=  140ns.  The  initial  radius  of 
the  ionized  channel  is  chosen  equal  to  100  |xm  in 
coherence  with  streamer  propagation  models'*.  The 
kinetics  model  involves  39  species  (electrons,  ions 
and  neutral  species  excited  or  not)  interacting  follo¬ 
wing  287  selected  reactions^.  The  electron-neutral 
reaction  coefficients  are  calculated  from  a  Boltzmann 
equation  modeP  and  those  corresponding  to  ion-neu¬ 
tral  interactions  from  a  Monte  Carlo  model®.  In  the 
case  of  gas  dynamic  modeP,  we  include  the  gas  hea¬ 
ting  via  the  direct  Joule  effect  and  the  excited  states 
(electronic  and  vibrational)  relaxation.  The  radiative 
state  relaxation  is  assumed  instantaneous  while  the 
vibrational  relaxation  time  tvib  is  close  to  lOOps. 
3.Results  and  discussion 

For  the  electric  field  E/N  magnitude  in  the  ionized 
ehaimel  (10  up  to  lOOTd),  the  major  part  of  the  dissi¬ 
pated  energy  is  stored  in  the  gas  under  a  vibrational 
mode  (Figl).  The  energy  restored  to  the  gas  obviously 
depends  on  time  and  gap  position.  Fig2  show  the 
spatial  variation  of  the  gas  temperatiue  for  t=140ns 


and  t=100|rs,  i.e.  for  a  time  equal  to  tau  and  tv*.  As 
expected,  the  maximum  temperature  is  in  middle  of 
the  ionized  channel  (r=0)  and  near  the  anode  (z=35 
mm).  The  temperature  decreases  at  the  approach  of 
the  cathode  (z=0)  and  the  borders  of  the  ionized 
channel.  In  this  figure,  we  also  observe  a  radial  exten¬ 
sion  of  the  discharge  chaimel  which  increases  its 
radius  from  lOOqm  up  to  200p.m.  It  is  due  to  the 
thermal  diffusion  and  energy  vibrational  relaxation 
modes.  The  thermal  shock  wave  due  to  excitation 
modes  (electronic  and  then  vibrational  excitation)  can 
be  observed  in  Fig2  or  Fig3  where  the  gas 
temperature,  starting  from  the  initial  value  (300  K), 
can  reach  750K  (after  140ns)  and  then  550K  (after 
lOOps).  These  sharp  temperature  increases  near  the 
"anode  generate  a  wave  pressure  which  propagate 
along  the  gap.  The  gas  pressure  relaxation  leads  to 
the  temperature  decrease  observed  near  the  anode  in 
Fig2.  The  pressure  inside  the  ionized  channel  (not 
given  here)  reaches  its  initial  value  after  about  2ps. 

As  a  consequence  of  this  temperature  rise,  the  chemi¬ 
cal  kinetics  results  present  several  non  negligible 
differences  in  comparison  to  the  classical  case  where 
the  gas  temperature  is  assumed  constant  ("T=300K" 
case).  First,  the  temperature  rise  restricts  the  O3  and 
HO2  radical  formation  (see  Fig4).  In  fact,  the  tempe¬ 
rature  rise  reduces  the  gas  density  thus  partly  limiting 
the  efiect  of  certain  three  body  reactions  responsible 
of  the  radical  formation  (e.g.  H-1-O2+N2  — >H02+N2, 
or  CH-O2+N2 ->  O3+N2).  The  i'op  of  O3  density  is 
also  due  to  the  reaction  "02(aAg)+03  —>202+0" 
which  is  more  efficient  for  higher  temperature.  This 
reaction  limits  the  NO  reduction  due  to  the 
competition  with  another  reactions  (as  e.g. 
N0e03->N0+03).  Furthermore,  this  reaction 
creates  aroimd  lO'^s  a  large  part  of  O  atoms  involved 
in  the  NO  creation  via;  NO2+O— >NOt-  Oj.  This  have 
a  direct  effect  (via  HO2+NO— >  NOj+OH)  on  the 
NO2  and  NO  densities  which  are  respectively  lower 
(Fig5)  and  higher  (Fig6)  than  the  "T=300K"  case. 

As  a  conclusion,  the  gas  temperature  rise  (due  to  gas 
dynamics)  can  modify  up  to  100%  the  evolution  of 
certain  chemical  species  (radical  or  oxides).  Such 
results  show  that  a  more  rigorous  modeling  of  the  non 
thermal  plasma  devices  for  flue  gas  pollution  control 
must  absolutely  includes  the  gas  dynamics. 
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1.  Introduction 

Most  metals  and  their  compounds  in  the  form  of 
airborne  particles  are  toxic  for  public  health  and  the 
environment.  Metals  aerosols  are  becoming 
inaeasingly  abundant  more  and  more  important  in 
particular  with  the  greater  use  of  waste  incinerators 
Before  being  implemented,  these  thermal  processes  for 
waste  treatment  have  to  comply  with  norms  concerning 
environmental  pollution.  From  this  point  of  view,  the 
control  of  gaseous  effluents  is  an  important  task. 
Furthermore,  new  regulations  concerning  the 
environment  have  recently  been  issued.  In  the  case  of 
heavy  metals  in  gaseous  effluents,  they  call  for  regular 
monitoring  For  these  reasons  an  apparatus  for  on-line 
and  in  situ  measurements  of  metals  aerosol 
concentrations  directly  in  amlnent  air  was  developed. 

This  apparatus  for  continuous  emission  monitoring 
(CEM)  is  based  on  atomic  emission  spectrometry 
(AES)  in  an  inductively  cotqded  plasma  (ICP). 

The  electron  tenqKrature  T,  is  a  pertinent  parameter  to 
improve  the  sensitivity  of  the  method. 

The  results  {nesented  in  this  woric  show  the  radial 
evolution  of  T,  with  some  characteristic  parameters  of 
the  discharge  such  as  input  power  P,  air  flow  rate 
and  the  amount  of  water  in  the  ambient  air. 
Determination  of  the  optimum  conditions  lowers  the 
detection  of  the  apparatus  limit  (DL). 

2.  Experimental  set  up  and  diagnostic 

The  air  (dasma  was  produced  by  a  tuned-line  oscillator 
with  a  fiequency  of  64  Mhz  (ROC.  DURR  Model 
8600);  the  electrical  power  dissipated  by  the  generator 
are  varied  from  1.0  to  1.5  kW.  The  chscharge  was  not 
only  an  inductive  plasma;  a  capacitive  effect,  involving 
an  axial  component  of  the  electric  field,  was  also  clear. 
The  characteristics  of  the  torch  are  rather  different 
from  the  analytical  ^nocesses  using  argon  as 
plasmagenic  gas.  The  ambiem  air  to  be  analyzed  was 
sucked  directly  by  a  high  throughput  pomp  placed 
downstream,  through  a  20  mm  i.d  cpiartz  tube 
surrounded  fay  the  seven-turn  water  cooled  coil 
inductor.  The  air  flow  rate  D.^  was  ac^ustable  between 
10  and  20  Nl/mn.  Introduction  of  gas  into  tins  torch 
occurred  tangentially  above  the  cc^  to  produce  a 
vortex.  The  vmtex  b^  protects  the  walls  of  the  tube 
and  stainlized  the  discharge.  The  discharge  was 


amorced  directly  in  ambient  air  by  heating  a  movaHe 
graphite  rod  through  a  12  mm  i.d  ceirtral  cpiartz  tube. 
Spectroscopic  measurements  were  performed  using  a 
640  mm  focal  length  monochromator  (Jotan-Yvon  HR 
640)  with  a  3600  groove  nun  *  grating  The  detector 
was  a  photodiode  array  (Hamamatsu  S2304-512Q).  The 
geometric  exploraticm  of  the  discharge  was  performed 
Hiring  a  fix^  mirror  on  two  axes  (horizontal  and 
vertical)  and  a  steppmg  motor-driven  rotator.  The 
motinng  of  the  motor-driven  mirrors  and  the  grating  of 
the  monochromator  were  controlled  by  a  computerized 
laboratory  system,  which  also  allows  data  acquisition 
and  treatment  (Calibration  is  achieved  by  n^oltzii^ 
known  quantities  of  standard  acqueous  solutions 
rrtntaining  known  concentrations  of  salts  of  the 
relevant  metals.  The  eiqierimental  set-iq)  is  shown 
schematically  in  Fig  1. 


Cnriuterod 


Rg  1;  Schematic  diagram  of  the  experimental  setHip 

Tho  air  ICP  spectra  was  essentially  ctmqnsed  of 
mnWKTilar  bands.  The  strongest  entissknis  of  die 
amhiCTt  air  TCP  between  200  and  350  nm  that  were 
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identified  correspond  to  the  y  system  of  NO 
transition]  and  a  band  emitted  by  the  OH  radical 
transition]. 

A  method  was  developed  [1]  to  determine  the  local 
electron  temperatures.  It  is  based  on  the  comparison  of 
the  local  emissivities  of  the  (0-1)  vibrational  transition 
of  the  NO  y  system  and  the  (0-0)  band  of  the  A^I-X^fl 
transition  in  OH 

3.  Results  and  discussion 

Measurements  were  carried  out  in  the  central  zone  of 
the  inductor  coil,  between  the  fourth  and  the  fifth  turns 
of  the  inductor  coil.  This  area  has  been  shown  to  be  the 
iiK)st  suitable  for  analytical  purposes. 

3.1  Electron  temperature  measurements 

The  variation  of  T,  across  a  radius  is  shown  in  fig  2  for 
an  input  power  P  of  1.5  KW  and  for  different  values  of 
the  flow  rate  D.,-  A  monatomic  decrease  was  obtained 
in  aQ  the  cases,  due  to  the  axial  component  of  the 
electric  field  in  this  particular  discharge. 

In  the  central  area  (r  <  1mm)  T,  increased  with  Dd,; 
simuhaneonsly,  the  radius  of  the  discharge  decreased. 
The  intermediate  value  Dia=15  NL/mn  was  found  to  be 
the  best  suhaUe  analyte  detection. 

The  effect  of  increasing  P  is  shown  in  fig  3.  Larger 
values  of  P  produce  both  higher  T,  values  and  a 
broadening  of  the  discharge.  In  this  case  improvement 
of  the  sensitivity  and  lower  DL  can  be  obtained  by 
increasing  P. 

Another  problem  encountered  in  this  sort  of  discharge 
is  the  matrix  effect  caused  by  variable  amounts  of 
atmospheric  water.  This  water  produces  the  large  OH 
q)ectral  band  mentioned  above.  We  have  shown  that 
tte  incidence  of  water  is  a  decrease  of  T,  of  about  80  K 
in  the  [dasma  center.  As  a  consequence,  the  analyte  line 
intensities  are  lowered  by  between  20-30%,  depending 
on  the  value  of  the  excitation  energy  of  the  emitting 
level. 

0  12  9  4 


•  11.0  <U>— fc  ;  18.2  17^  (L/m> 


a  -  1  2  9  4 


■  1 1 .9  kW ;  '  •  ;  r«$:  a  >  i  .9  kW 

3.2  Detection  limits  DL 

The  DL  obtained  in  this  work  were,  in  all  cases  lower 
than  the  recommended  threshold  limit  values  (TLV). 
Except  in  the  case  of  metals  whose  analytic  lines 
exhibit  high  excitation  energies  like  Zn  and  Cd,  DL 
lower  than  1  pg.m'^  were  obtained  (taUe  1). 


Table  1:  Comparison  of  the  best  detection  limits 
obtained  in  this  work  with  the  other  CEM  methods  in 
air-argon  mixtures. _ 


Element 

LD(pgm‘^ 
This  work 

LD  (pgm'^) 
M^er[3] 

LD  (ligm'^) 
Trasq^[2] 

Zn 

39.4 

- 

1 

Cd 

10.8 

0.1 

0.5 

Mg 

0.48 

- 

3 

Cu 

0.09 

1 

0.3 

Co 

0.24 

- 

0.5 

Ni 

0.14 

5 

3 

Cr 

0.19 

1 

0.2 

Pb 

8.16 

10 

6 

Fe 

0.33 

- 

0.3 

4.  Conclusions 


This  apparatus  avoids  any  manipulation  susceptible  to 
produce  modifications  of  the  degree  of  air  pollution.  It 
enables  representative  sampling  of  the  atmosphere  to  be 
analyzed  and  was  relativety  low  running  costs.  The  DL 
obt^ed  are  in  good  agreement  with  the  results  of 
alternative  CEM  methods  in  air  or  in  air-argon 
mixtnres. 
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1.  Introduction 

There  is  a  rather  limited  number  of  the  investiga¬ 
tions  of  chemical  reactions  in  liquid  solutions  under 
the  discharge  plasma  applications  [1-3].  In  these  pa¬ 
pers  the  chemical  changes  after  application  of  low 
pressure  plcisma  excited  between  metallic  electrode 
and  water  solution  surfaces  were  investigated.  The 
connection  of  the  kinetics  of  these  processes  with  the 
parameters  of  the  discharge  plasma  used  was  found. 
The  usual  engineering  processes  of  textile  bleaching 
are  carried  out  in  the  solutions  and  based  on  the 
experimental  selection  of  the  solution  composition. 
Therefore  the  use  of  selective  processes  accelerated 
or  stimulated  by  the  discharge  plasma  is  possible  [4- 
6].  Besides  that  the  interaction  of  the  plasma  with 
the  solution  may  be  used  for  water  cleaning  and  for 
the  modification  of  material  surface  without  using 
the  complicated  vacuum  equipment. 

2.  Experiment 

The  gliding  arc  was  sustained  between  the  plasma 
treated  solution  surface  and  the  stainless  steel  cooled 
tube  (horn  shape)  electrode  -  Fig.l. 


Figure  1:  A  schematic  drawing  of  the  experimen¬ 
tal  arrangement 

The  alternating  voltage  source  (50  Hz)  produced  the 
voltage  10  kV  and  the  discharge  current  up  to  100 
mA.  The  dc  source  with  similar  parameters  was  also 
used.  The  experimental  device  allows  experiments 
with  air,  nitrogen  and  argon  as  working  gases.  The 
reactor  has  the  form  of  a  rectangular  vessel  made 
of  polymethylmetacrylate;  the  solution  volume  was 
about  1500  ccm.  The  investigation  of  the  liquid  solu¬ 
tion  reactions  during  and  after  the  plasma  treatment 


was  carried  out  by  means  of  its  continuous  transmit¬ 
tance  measurement.  The  absorption  spectra  of  so¬ 
lutions  before  and  after  the  plasma  treatment  were 
recorded  by  means  of  the  UV-VIS  spectrophotome¬ 
ter. 

3.  Results 

Our  experiments  show  the  increase  in  water  conduc¬ 
tivity  during  the  plasma  treatment  of  the  solution 
surface.  The  effect  is  very  great,  stable  and  depends 
on  the  the  employed  working  gas.  At  the  same  time, 
pH  of  the  water  decreases  from  6.5  to  approx.  3-4. 
The  formation  of  nitrogen  oxides  in  the  plasma  vol¬ 
ume  is  possible  [6].  Their  dissociation  in  the  water 
leads  to  the  acid  origin  and  partially  explains  the  in¬ 
crease  in  conductivity.  The  gliding  discharge  plasma 
application  on  the  water  leads  to  the  generation  of 
hydrogen  peroxide  which  dissociates  in  water  under 
formation  of  hydroxonium  ions  HsO'*'.  The  hydrox- 
onium  ion  mobility  is  ten  times  higher  than  that  of 
other  positive  ions.  The  increase  in  water  acidity 
mean  first  of  all  the  change  of  the  hydroxonium  and 
hydroxyl  ions  balance.  Therefore  some  other  nega¬ 
tive  ions  except  OH~  have  to  be  produced  under  the 
plasma  treatment. 

The  application  of  the  gliding  arc  on  the  neutral 
water  solution  KI  causes  a  rather  intensive  genera¬ 
tion  of  molecular  iodine  which  is  accompanied  by  a 
remarkable  change  in  the  absorption  spectra  and  in 
the  transmittance  -  Fig.2. 


Figure  2:  Transmittance  of  the  water  solution  of 
KI  as  a  function  of  plasma  treatment  time 

The  plasma  treatment  of  the  transparent  colourless 
N2S  solution  leads  to  the  appearance  of  its  green 
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colour.  The  transmittance  of  the  solution  in  the 
visible  and  in  the  UV-regions  decreases  during  the 
plasma  treatment.  The  treatment  of  organic  sub¬ 
strates  as  some  water  soluble  dyes  and  sodium  humi- 
nate  have  also  been  examined.  The  gliding  arc 
plasma  treatment  of  the  dye  water  solution  leads  to 
its  gradual  discolouration.  If  the  dye  molecule  has 
two  independent  optically  absorbing  components,  in 
the  initial  period  only  the  absorption  in  the  interme¬ 
diate  VIS  region  increases  but  in  the  near  UV-region 
the  absorption  increases  in  any  case  -  Fig.  3. 


Figure  3:  Absorbance  as  a  function  of  wavelength 
of  oxazine  blue  colour  (concentration  0,025  g/1) 
before  and  after  2  hour  plasma  treatment 

So  the  time  dependent  gradual  displacement  of  the 
absorption  maximum  indicates  multi-step  processes 
of  the  oxidation  destruction  of  organic  substances. 
The  estimation  of  the  destruction  rate  may  be  done 
on  the  basis  of  the  measured  transmittance  change' 
at  the  wave  length  corresponding  to  the  maximum 
absorption  of  the  initial  molecule.  Assuming  that 
the  absorption  coefficient  does  not  change  during 
the  plasma  treatment  we  have  estimated  the  dye 
molecule  destruction  rate.  The  maximum  destruc¬ 
tion  rate  is  reached  in  15-20  min  of  the  gliding  arc 
action  and  it  is  about  10^®  molecules/s.  Taking  into 
consideration  the  mean  value  of  the  energy  dissi¬ 
pated  in  the  gliding  arc  (100  W)  we  can  get  the  mean 
energy  consumption  on  one  molecule  destruction  10^ 
eV.  In  the  case  of  nitrogen  and  argon  the  destruc¬ 
tion  rates  are  approximately  the  same,  in  the  case  of 
air  as  working  gas  it  is  somewhat  higher.  However, 
many  of  the  destruction  processes  occur  simultane¬ 
ously  and  the  kinetics  of  the  destruction  of  initial 
dye  molecules  is  accompanied  by  the  reactions  of  all 
the  intermediate  species. 


4.  Conclusion 

The  use  of  the  ac  and  dc  gliding  arc  shows  that  the 
process  evolution  in  all  these  cases  is  in  general  iden¬ 
tical.  However  the  destruction  rate  and  the  destruc¬ 
tion  degree  depends  on  the  arc  type  rather  strongly. 
It  confirms  the  comparison  of  the  absorption  spectra 
of  the  blue  dye  treated  by  the  different  arc  types  at 
the  fixed  discharge  power  and  treatment  time.  The 
positive  gliding  arc  (solution  surface  is  negative)  has 
the  maximum  efficiency  similarly  to  the  case  of  the 
iodine  oxidation.  It  is  necessary  to  emphasize  that 
the  long  plasma  treatment  of  different  organic  sub¬ 
stances  leads  to  the  accumulation  of  the  products 
which  have  similar  absorption  spectra  in  the  UV- 
region.  Probably  they  are  aromatic  substances  con¬ 
taining  the  phenol  groups.  The  oxidation  effect  of 
the  gliding  arc  may  be  connected  with  the  generation 
of  hydrogen  peroxide  in  the  water  solutions.  The  wa¬ 
ter  solution  of  H2O2  has  the  absorption  maximum 
near  260  nm.  The  measurements  show  that  plasma 
treatment  by  the  gliding  arc  leads  to  the  increase  in 
the  absorption  in  this  region. 
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During  a  past  decade  streamer  corona  discharge  is 
considered  as  a  promising  tool  for  cleaning  of  pol¬ 
luted  gas  flows.  A  small  region  -  streamer  head 
plays  central  role  in  technological  applications  of 
streamer  corona.  The  electrons  in  the  head  gain  en¬ 
ergy  which  is  sufficient  to  ionize,  dissociate  and  excite 
molecules.  These  products  of  electron-molecules  col¬ 
lisions,  which  will  be  referred  to  as  chemically  active 
species  (CAS)  initiate  then  multiple  chemical  reac¬ 
tions  in  the  ambient  gas  which  lead  to  removal  of 
harmful  components. 

The  efficiency  of  streamer  corona  strongly  depends 
on  various  factors;  probably  the  most  important  are 
voltage  rise  time  [11  and  geometry  of  the  electrode 
system  [2].  To  investigate  the  role  of  different  fac¬ 
tors  on  streamer  corona  purification  efficiency  a  re¬ 
alistic  model  of  single  positive  streamer  in  nonuni¬ 
form  field  is  required.  Here  we  present  the  results  of 
two-dimensional  simulation  of  generation  of  chemi¬ 
cally  active  species  by  cylindrically-symmetric  pos¬ 
itive  streamer  between  a  point  anode  and  a  plate 
cathode. 

Consider  a  point  anode  placed  over  the  plate  cath¬ 
ode  at  the  distance  d  =  \  cm.  To  initiate  streamer 
a  small  spot  of  quasineutral  plasma  is  placed  at  the 
tip  of  the  anode.  A  voltage  Vo  =  11  kV  is  applied  to 
the  anode  at  the  moment  t  =  0  and  kept  fixed. 

The  dynamics  of  streamer  is  described  within  the 
scope  of  diffusion-drift  approximation  for  the  three 
charged  fluids;  elecrons,  positive  and  negative  ions. 
Ions  were  treated  as  immobile.  We  took  into  ac¬ 
count  electrons  drift  and  diffusion,  collisional  ioniza¬ 
tion  and  photoionization  in  a  gas  volume,  two-body 
and  three-body  attachment  of  electrons  to  oxygen 
molecules  and  electron-ion  and  ion-ion  recombina¬ 
tion.  The  full  description  of  the  model  and  the  de¬ 
tails  of  numerical  procedure  are  given  in  [3,4]. 

Knowing  the  2D  distributions  of  electron  density 
and  electric  field  in  the  course  of  streamer  propaga¬ 
tion  one  may  calculate  the  number  densities  X(r,  z,  t) 
of  chemically  active  species  produced  by  the  streamer 
using  the  rate  equations:  dX/dt  =  sKucPx  where 
K  being  reaction  rate  constant,  Px  number  density 
of  parent  molecules  and  s  stoichiometric  coefficient. 

A  following  electron-molecule  reactions  were  taken 


into  account  [5]: 


e  -1-  O2 

-> 

e  -+■  02(a^  A) 

(1) 

e  -t-  O2 

e-t-  0  -t-  0 

(2) 

e  d-  O2 

e  +  0(iD)-l-0 

(3) 

e-l-N2 

e  +  N2(A3E) 

(4) 

e-f-N2 

e-l-N-hN 

(5) 

e+H20 

-> 

ed-OH  +  H 

(6) 

The  results  presented  below  were  obtained  for  the 
following  conditions:  pressure  p  =  760  Torr,  gas  tem¬ 
perature  T  =  300  K.  The  gas  is  air  with  1%  of  water 
content:  N2  :  O2  :  H2O  =  79.2  :  19.8  :  1. 

Under  these  conditions  after  short  period  of  forma¬ 
tion  (~  5  ns)  streamer  propagates  with  the  constant 
velocity  (~  2.7'x  10^  cm/s),  constant  field  at  the  tip 
(~  140  kV /cm)  and  produces  constant  current  in  the 
external  curcuit  (~  0.025  A). 

Fig.l  shows  streamer  at  the  moment  25  ns.  The 
distribution  of  space  charge  (a)  and  absolute  value 
of  electric  field  (b)  gives  a  qualitative  picture  of 
streamer  structure.  Fig.lc,d  illustrates  the  ability  of 
streamer  to  produce  chemically  active  species.  Con¬ 
tour  lines  of  rate  of  dissociation  of  (c)  oxygen  (  in 
reactions  (2)  and  (3)  )  and  (d)  nitrogen  molecules 
(in  reaction  (5)  )  are  shown.  As  it  seen,  the  disso¬ 
ciation  of  nitrogen  molecules  occurs  mainly  around 
the  head  of  the  streamer.  The  dissociation  of  oxygen 
molecules  requires  less  energy  and  it  occurs  also  at 
the  lower  E/N  values  around  plasma  channel. 

Integrating  X  over  the  space  one  obtain  total  num¬ 
ber  of  a  given  species  Nx  ■ 

poo  pd 

Afx(f)  “  ^TT  /  rdr  I  X{r,z,t)dz 
Jo  Jo 

Fig. 2  shows  dependencies  of  a  total  number  of  gener¬ 
ated  in  the  gap  species  on  time.  We  note  that  after 
~  5  ns  all  values  increase  linearly  with  time,  (except 
©2(0^ A)).  This  result  correlates  with  the  constant 
velocity  of  propagation  and  constant  field  at  the  tip 
of  the  streamer.  The  deviation  of  02(a^A)  growth 
from  linear  one  is  attributed  to  the  fact  that  excita¬ 
tion  of  oxygen  occurs  also  around  streamer  channel, 
where  radial  field  is  about  40  -  50  kV/cm  (Fig. lb). 

As  mentioned  above,  the  current  in  the  external 
curcuit  produced  by  the  streamer  is  almost  constant 
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in  time.  Under  constant  annlied  volta.ee  this  means 
that  energy  delivered  by  power  supply  varies  almost 
linearly  with  time.  The  most  part  of  the  species 
produced  by  the  streamer  are  0  atoms  and  excit¬ 
ed  nitrogen  molecules  and  their  amount  also  varies 
linearly  with  time  (Fig. 2).  Therefore,  for  streamer 
of  the  length  <  1  cm  it  is  reasonable  to  introduce 
time-independent  mean  energy  cost  of  one  chemical¬ 
ly  active  specie.  The  calculation  gives  the  value  35 
eV  per  specie. 
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Radial  pos.(cm) 

Figure  1:  Contour  plots  for  time  25  ns.  (a)  space  charge  density  in  10^®  cm~^  units,  contours  0.1,  0.9,  1.7 
and  2.5  are  shown,  (b)  absolute  value  of  electric  field  (30  to  140  kV/cm,  step  10  kV/cm),  (c)  rate  of  oxygen 
dissociation  (cm^/s,  logarithmic  scale,  contours  10^®,  10^®,  10^°,  10^^  and  10^^  are  shown),  (d)  rate  of  nitrogen 
dissociation  (cm^/s,  also  contours  from  10^®  to  10^^  are  shown). 


Figure  2:  The  dependence  of  total  number  of  chemically  active  species  produced  by  the  streamer  on  time  (ns). 
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1.  Introduction 

We  have  shown  the  applicability  of  proton  transfer 
reaction  mass  spectrometry  PTR-MS  for  on  line 
trace  gas  analysis  in  the  ppb  regime  in  extensive 
investigations  of  human  breath[l],[2],[3].  In  the 
present  paper  we  report  an  extension  of  the  PTR- 
MS  technique  for  analysis  of  volatile  organic 
compounds  (VOCs)  in  urban  air  sampled  near  a 
road  traffic  intersection.  Air  samples  were  taken 
by  filling  a  preevacuated  glass  bulb  (ca.  6  1)  which 
was  directly  connected  to  the  PTR-MS  system, 
and  the  air  was  then  analyzed  without  further 
handling. 

The  PTR-MS  technique  most  simply 
involves  the  protonation  of  sample  species  by 
proton  transfer  from  H30’^  in  a  weak  drift  field, 
followed  by  mass  analysis  of  the  resulting  positive 
ions.  The  proton  affinity  [4]  of  H2O  is  7.2  eV,  a 
value  which  is  greater  than  the  proton  affinities  of 
the  dominant  atmospheric  components  of  clean  air 
but  less  than  those  of  many  likely  pollutants.  Thus 
proton  transfer  from  to  many  atmospheric 

pollutant  species  is  exothermic  and  occurs  rapidly, 
while  proton  transfer  to  the  principal  components 
of  clean  air  is  endothermic  and  does  not  occur. 

2.  Experimental  and  Results 

When  attempting  to  measure  trace 
components  at  the  ppb  level,  we  observed  as 
expected  that  the  ion  count  rates  were  frequently 
too  low  to  allow  use  of  isotopic  abundance  to 
distinguish  isomeric  components  of  the  samples. 
We  have  therefore  developed  a  collision  induced 
dissociation  (CID)  technique  for  identification  of 
species  of  the  same  mass.  This  technique  involves 
imposing  an  electric  field  at  the  downstream  end 
of  the  drift  tube.  The  field  is  generated  by  applying 


a  variable  potential  between  the  last  drift  ring  and 
the  entrance  orifice  of  the  quadrupole  mass 
spectrometer.  In  this  electric  field  the  ions  are 
strongly  accelerated  and  may  suffer  energetic 
collisions  with  the  air  buffer  gas,  causing 
dissociation  of  the  protonated  species  and 
generation  of  characteristic  daughter  ions.  An 
example  of  the  results  of  this  CID  technique  is 
shown  for  protonated  ethylbenzene  (107  amu)  in 


Fig.  1:  Breakup  pattern  of  protonated 
ethylbenzene  107  amu 

In  contrast  a  similar  plot  for  protonated  xylene 
(107  amu)  shows  that  the  intensity  does  not  begin 
to  diminish  significantly  until  a  breakup  voltage  of 
30  Volts  or  greater  is  applied.  Thus  we  determined 
that  no  significant  amount  of  ethylbenzene  was 
present  in  the  air  at  this  particular  traffic 
intersection,  and  the  signal  observed  at  mass  107 
amu  had  to  be  attributed  to  protonated  xylene. 
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3.  Conclusions 

The  wide  applicability  of  PTR-MS  for  fast  on-line 
measurements  of  trace  constituents  especially 
VOCs  has  been  demonstrated  by  examples  in  the 
field  of  medicine  and  also  environmental  research. 
Potential  for  further  exploitation  of  this  method 
could  be  in  on-line  monitoring  of  plasma-based 
environmental  technologies  e.g.  parameter 
optimization  for  plasma  processing  of  VOCs  or 
efficiency  control  of  plasma  assisted  waste 
cleaning. 


time 


Fig.  2  Concentrations  of  aromatic  compounds  during  a  day 


Fig.  2  shows  the  typical  daily  variation  of 
concentrations  of  various  aromatic  compounds  in 
the  air  at  a  traffic  crossing  situated  at  the  west 
entrance  of  Innsbruck.  Assuming  that  these 
compounds  are  emitted  directly  from  the  exhausts 
of  cars  and  lorries,  i.e.,  that  none  of  them  is 
created  by  photochemical  reactions,  the  densities 
of  these  compounds  are  proportional  to  the  density 
of  the  traffic.  Fig.  2  shows  a  broad  maximum  in 
the  morning  from  7:30  to  9:00,  a  sharp  maximum 
at  lunch  time  and  a  pronounced  peak  at  about 
17:30.  Additional  compounds  have  also  been 
investigated  but  are  not  shown  in  the  figure. 
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ABSTRACT: 

The  effect  of  „anomar‘  dc  corona  discharge  on 
removal  of  ethyl  acetate  was  investigated.  The 
originated  products  and  removal  efficiency  were 
estimated  by  ER  absoiption  spectrometry.  The  influence 
of  ultrasonic  aerosolation  of  water  on  process  efficiency 
was  tested.  The  main  product  was  solid  polymer 
mixture  in  powder  form  and  as  products  methanol, 
ethanol  and  CO2  esspecially  in  negative  polarity. 

Introduction: 

Ethyl  acetate  is  a  volatile  organic  compound 
Avith  ester-type  odour  present  in  paintings  (esspecially 
on  the  basis  of  cellulose  nitrates,  ethylcellulose, 
acrylonitril,  rubber  chlorid,  polyvinyl  chlorid  and  many 
resins)  and  solution  for  paintings  and  rust  removers.  So 
sources  of  ethyl  acetate  are  production,  treatment  and 
use  of  painting,  celluloid  industry,  artificial  leather 
industry,  shoe  industry,  pharmaceutical  industry.  The 
boiling  point  is  77  °C,  vapour  pressure  at  20  °C  is  73 
mm  Hg  i.e.  9,7  kPa.  Maximum  allowable  concentration 
is  150  p.p.m.  Ethyl  acetate  causes  skin  irritation,  is 
narcotic  i^m  concentration  400-600  p.p.m  after  2-3 
hour  of  exposure,  it  was  reported  also  fatal  case  after 
inhalation  with  high  cancentrations.  But  is  less  toxic 
than  propyl,  butyl  and  amyl  acetate  [1]. 

Experimental: 

For  measurements  we  have  used 
spontaneously  pulsing  d.c.  powered  „anomal“  type  of 
corona  discharge  stabilised  resistance.  This  form  of 
corona  discharge  arises  at  higher  currents  after  regular 
dc  corona  pre-discharge.  The  process  is  connected  with 
the  fall  of  voltage  from  atx)ut  10  kV  to  several 
hundreds  of  volts  and  current  rise  up  to  ~  2  mA.  The 
freuency  of  „brush-like“  streamer  type  of  current  pulses 
with  frequency  about  1  kHz  is  accompanied  by  an 
intensive  sound. 

The  stressed  electrode  was  in  form  of  internal 
thread  firom  copper,  non  stressed  plate  electrode  also 
from  copper.  The  both  electrode  surfaces  were 
modified  due  to  action  of  corona  pre-discharge. 
Measurements  were  made  in  static  regime  in  gas  cell 
discharge  tube  descnbed  on  Fig.l 

Necessary  mixture  of  air  with  ethylacetate  was 
realised  by  bubbling  of  air  from  pressure  tank  through 


flowmeter  with  needle  valve  and  temperable  bubbler 
with  studied  solution.  The  necessary  water  for  process 
was  introduced  via  ultrasonic  aerosolator.  After  10 
minutes  of  flowing  the  mixture  was  closed  in  gas  cell. 


VscDum  chamber 


Fig.  1  Gas  cell  discharge  tube 

The  composition  of  gas  mixture  before/after 
the  discharge  and  the  surface  of  used  plane  non 
stressed  electrode  was  analysed  using  IR  absorption 
spectrometry  for  gas  and  reflection  IR  spectrometry  for 
surface.  The  water  from  process  was  accumulated  and 
liquid  or  solid  products  soluted  or  suspended  in  water 
were  analysed  by  ATR  reflection  spectrometry  on 
KRS5  crystals  with  45°  reflecting  angle.  The  solid 
product  was  separated  from  water,  dried  and  treated  by 
the  KBr  pellet  making  technology  for  scanning  of  IR 
absorption  spectra.  To  see  the,  structure  and  size  of 
solid  products  the  microscopic  photography  of  solid 
product  was  made. 

Results  and  discussion; 

We  present  the  influence  of  d.c.corona 
discharge  in  anomal  regime  and  both  polarities  on  the 
removal  efficiency  of  air-ethyl  acetate  mixture.  As 
diagnostic  method  we  have  used  IR  absorption 
spectrometry.  The  ultrasonic  aerosolidation  of  water 
into  discharge  tube  lead  to  the  increase  of  removal 
efficiency  for  both  positive  and  negative  polarity  of  the 
discharge  for  about  15-20%  comparing  to  dry  process 
and  also  change  the  type  of  product,  esspecially  gas  by 
products  and  solid  products. 
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from  the  surface  of  low  voltage  electrode 

Fig.  2  IR  absorption  spectra  of  gas  before  and 
after  negative  corona  discharge  in  the  mixture  of  air 
plus  ethyl  acetate  and  reflection  IR  absorption 
spectrum  of  the  surface  of  low  voltage  electrode 

From  IR  absorption  spectra  on  Fig,2  for 
mixture  of  air-ethyl  acetate  after  action  of  negative 
corona  discharge  the  sharp  decrease  of  hydrocarbon 
groups  -CH3  and  CH2  is  seen.  In  the  same  time  the 
decrease  of  carbonyl  group  -C=0  seen  from  1742  cm  ' 
and  -C-O-  seen  from  1182  cm  '  occured. 

Due  fragmentation  process  intiated  by  water 
aerosolidation  in  air-ethylacetate  mixture  ethanol  was 
produced  as  the  by  product.  In  IR  absorption  spectrum 
of  gas  products  rise  the  band  group  at  1300-1450  cm  '. 
Activated  nitrogen  created  in  the  discharge  broke  the 
hydrocarbone  string  and  past  into  carbonyl  group  to 
produce  -C=N=0  group,  or  oxim  group  -C=N-0-.  Due 
to  dimerization  bright  group  of  compounds  with  IR 
bands  in  the  described  region  of  IR  spectrum  are 
produced.  These  group  of  gas  and  liquid  compound 
after  reaction  with  water  and  its  dissociation  products 
(-OH  radical  and  H)  are  responsible  for  origin  of 
copoljTners  on  the  surface  of  non  stressed  electrode 
containing  polyimid,  polyaminoacid,  polyurethan  and 
polyamid  groups. 

In  positive  polarity  the  removal  efficiency  is  about 
85%,  CO2  methanol  and  ethanol  byproduct  are  not 
produced  and  more  solid  product  is  originated  and 


content  of  poly  amino  acids  oxamidato  complexes  in 
solid  product  are  greater. 


from  the  surface  of  low  voltage  electrode 


Fig.  3  IR  absorption  spectra  of  gas  before  and  after 
positive  corona  discharge  in  the  mixture  of  air  plus 
ethyl  acetate  and  reflection  IR  absorption  spectrum  of 
the  surface  of  low  voltage  electrode 

The  microscopic 
photography  of  the 
solid  dark  white 
product  created  in 
„anomal“  corona 
discharge. 


Conclusions: 

The  investigated  form  of  discharge  is  suitable 
especially  for  ethyl  acetate  removal.  Energy  content  of 
anonal  corona  is  lower  comparing  to  glidarc  and 
consequently  only  a  particular  destruction  of  organic 
compound  occurs.  The  process  is  followed  by  further 
polymerisation,  which  has  a  great  importance  from  the 
point  of  view  of  CO2  minimisation  in  atmosphere. 

References: 

[1]  E.  Browning:  Toxicity  and  metabolism  of  industrial 
solvents,  Elsevier,  Amstredam  London  New  York, 
1965 


XXni  ICPIG  (  Toulouse,  France  )  17  -  22  July  1997 


1-264 


The  Influence  of  Hydrocarbons  on  the  Removal  of  NOx  from  Exhaust  Gas 

by  Dielectric  Barrier  Discharges 

Wolfgang  Niessen,  Reiner  Schruft,  Oliver  Wolf  and  Manfred  Neiger 

LTI  (Lighting  Technology  Institute),  University  ofKarlsruhe,  PO  Box  6920,  D-76128  Karlsruhe,  Germany 


1.  Introduction 

The  introduction  of  economic  car  engines  with  direct 
injection  will  help  reducing  the  COj-emission  into  our 
atmosphere  and  therefore  combat  the  greenhouse  effect. 
The  problem  of  cleaning  the  exhaust  of  such  engines  is, 
however,  an  unsolved  one  as  yet,  because  due  to  the 
high  air-to-fuel  ratio  conventional  catalytic  converters 
cannot  remove  the  NOx  in  the  exhaust  gas.  New  meth¬ 
ods  for  the  remediation  of  toxic  compounds  in  car  ex¬ 
hausts  have  to  be  developed.  Apart  from  techniques  like 
the  so-called  DeNOx-scheme,  the  major  drawback  of 
which  is  the  need  of  reducing  additives,  plasma  assisted 
conversion  of  NOx  in  a  dielectric  barrier  discharge  is  a 
promising  treatment  whose  applicability  has  been  studied 
for  several  years.  Most  of  the  theoretical  and  experi¬ 
mental  work  was  based  on  „synthetic  exhausts"  -  well 
defined  mixtures  of  nitrogen,  oxygen,  water  and  NO, 
without  hydrocarbons  (HCs)  [1],  [2].  A  systematic  ex¬ 
perimental  investigation  of  the  influence  of  a  number  of 
HCs  on  the  conversion  of  NO  was  carried  out  by  Wolf  et 
al.  [3].  A  sound  understanding  of  the  plasma  chemical 
processes  that  come  into  play  when  HCs  are  present  in 
the  exhaust  is  still  lacking.  The  present  work  is  a  contri¬ 
bution  towards  filling  this  gap  by  discussing  the  most 
important  chemical  reactions  that  play  a  role  in  the  con¬ 
version  of  NO  when  unbumed  ethene  (C2H4)  is  part  of 
the  exhaust  gas. 

2.  Model 

The  spatially  homogeneous  model  used  for  this  work 
comprises  three  parts: 

1.  A  coupled  system  of  ordinary  differential  equations 
represents  the  rate  equations  describing  the  changes 
of  the  species  concentrations  due  to  chemical  reac¬ 
tion,  ionisation,  recombination  and  charge  exchange. 

2.  The  temporal  change  of  the  electric  field  strength  due 
to  the  accumulating  charge  on  the  surface  of  the  di¬ 
electrics  is  taken  into  account. 

3.  From  the  solution  of  the  Boltzmann  equation  the 
rates  of  electron  collision  reactions  (ionisation,  elec¬ 
tron  impact  dissociation)  are  derived. 

A  total  of  367  reactions  are  implemented  in  the  model, 
including  148  chemical  reactions  involving  HCs  and  14 
electron  impact  reactions. 

3.  Results 

The  model  was  used  to  calculate  the  conversion  of  NO 
and  NO2  in  an  exhaust  gas  of  following  composition: 
[N2] !  [O2]  /  [H2O]  =  77/13/10  with  an  initial  concen¬ 
trations  of  NOx  of  500  vppm.  C2H4  as  HC  was  used  at 
an  initial  concentration  of  2000  vppm.  Temperature  and 


pressure  were  chosen  100°C  and  1  bar.  The  time  interval 
between  two  consecutive  discharge  pulses  was  set  to 
870  (ts,  the  gap  distance  to  1.65  mm,  the  thickness  of  the 
dielectrics  to  1.3  mm  and  the  dielectric  constant  to  4.7. 
A  total  of  100  to  200  pulses  are  needed  to  reach  NO 
conversion  of  over  90  %. 

Figure  1  shows  the  concentration  of  NO  as  a 
fimction  of  the  input  energy  for  two  cases:  exhaust  gas 
without  HCs  (dashed  lines)  and  exhaust  gas  with  C2H4 
(solid  lines).  Along  with  the  computed  curves  experi¬ 
mental  data  are  plotted  as  well  in  order  to  show  the  fair 
agreement  between  both. 


Figure  1 :  Concentration  of  NO  as  function  of  input 
energy.  The  dashed  curves  represent  data  for  a  gas  mix¬ 
ture  with  no  C2H4,  while  the  solid  lines  represent  data 
for  a  gas  mixture  that  contains  2000  vppm  C2H4  at  the 
beginning  of  the  treatment.  Curves  with  solid  squares  are 
obtained  from  experiment  [3]. 

Analysis  of  the  turnovers  of  the  different  reac¬ 
tions  shows  that  without  the  presence  of  C2H4  following 
reactions  are  mainly  responsible  for  the  conversion  of 
NO 


0  +  NO  ->  NO2 

(1) 

O3  +  NO  — >  NO2  +  O2 

(2) 

N  +  NO  ^  N2  +  0 

(3) 

OH  +  NO  HNO2 

(4) 

HO2  +  NO  -»  NO2  +  OH 

(5) 

XXin  ICPIG  (  Toulouse,  France  )  17-22  July  1997 


1-265 


The  ratio  of  there  turnovers  from  (1)  to  (5)  is 
8.0  /  3.0  /  2.1  / 1.5  /  1.  Apart  from  reaction  (3)  conver¬ 
sion  is  achieved  by  oxidation  turning  NO  into  NO2  or 
HNO2.  Latter  product  is  volatile  and  decomposes  partly 
into  NO,  NO2  and  H2O. 

When  C2H4  is  added  NO  conversion  is  much 
more  efficient.  This  can  be  contributed  mainly  to  the 
increased  turnover  of  reaction  (5)  and 
HOCH2CH2OO  +  NO  HOCH2CH2O  +  NO2  (6) 
and 

HO2  +  NO  HNO3  (7) 

The  ratio  of  the  turnovers  (6)  /  (5)  /  (7)  is  6.7  /  4.0  /  1. 
The  peroxyradical  on  the  left  hand  side  of  reaction  (6)  is 
formed  by  following  chain 

C2H4  >  HOCH2CH2  ->  HOCH2CH2O0 

(8) 

The  product  HOCH2CH2O  of  reaction  (6)  in  turn 
quickly  reacts  with  O2: 

HOC2CH2O  +  02^  HOCH2CH2CHO  +  HO2  (9) 
The  increased  formation  of  HO2  supports  reaction  (5). 

The  concentration  of  NO2  as  a  function  of  input 
energy  is  displayed  in  Figure!  -  again,  derived  from 
measured  and  calculated  data.  In  order  to  obtain  better 
coherence  between  experiment  and  model  in  the  case 
when  C2H4  is  added,  [NO2]  is  replaced  by  the  concen¬ 
tration  of  all  oxidation  products  of  N  minus  the  concen¬ 
tration  of  [NO],  ie  the  total  concentration  of  NO2, 
HNO2,  HNO3.  This  had  to  be  done  because  the  decom¬ 
position  of  HNO2  and  HNO3  into  NO  and  NO2  was  not 
properly  described  by  the  kinetic  data  from  the  literature. 

Without  the  presence  of  C2H4  much  less  NO2  is 
built  up  because  it  is  oxidised  by  OH  to  HNO3  after  its 
formation 

OH  +  N02  ^  HNO3  (10) 

or  reacts  with  O  atoms  to  form  NO 
O  +  NO2  NO  +  O2  (11) 

The  much  more  desired  reduction  of  NOx  to  N2 
can  only  be  achieved  by  sufficient  concentrations  of  the 
radicals  N,  CN,  C  [4]  and  NH2.  Although  N  is  produced 
during  the  discharge  phase  its  concentration  of  about 
1  vppm  is  to  low  in  order  to  compensate  for  the  oxida¬ 
tion  of  NO. 

4.  Conclusions 

The  presence  of  ethene  (C2H4)  has  a  large  effect  on  the 
plasma  assisted  removal  of  NO.  Due  to  the  presence  of 
the  peroxy  radical  HOCH2CH2OO  it  is  much  more  effi¬ 
ciently  oxidised  than  without  C2H4,  where  oxidation  is 
mainly  achieved  by  O  atoms.  End  products  are  mostly 
HNO3  (no  C2H4  added)  and  NO2  (with  C2H4).  In  both 
cases  the  net  reduction  of  NOx  to  N2  is  low. 


Figure  2:  Concentration  of  NO2  as  fiinction  of  input 
energy.  The  dashed  curves  represent  data  for  a  gas  mix¬ 
ture  with  no  C2H4,  while  the  solid  lines  represent  data 
for  a  gas  mixture  that  contains  2000  vppm  C2H4  at  the 
beginning  of  the  treatment.  Curves  with  solid  squares  are 
obtained  from  experiment  [3]. 
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For  a  wide  range  of  modem  ecological  applications  of 
electric  discharges,  like  cleaning  of  flue  gases, 
destruction  of  pollutants  or  toxic  molecules,  etc.,  it  is 
necessary  to  produce  in  the  volume  of  a  gas  sufiicient 
number  of  free  electrons  having  energies  in  the  range 
5-20  eV.  These  electrons  generate  free  radicals,  which 
difihise  through  the  gas  and  preferentially  oxidise 
nitrogen  and  sulphur  oxides  to  form  acids  that  can  be 
neutralised  to  form  non-toxic,  easily  collectible 
compounds.  Electrons  might  be  produced  in  different 
types  of  electric  discharges:  corona  discharge  [1,2], 
dielectric  barrier  discharge,  surface  discharge, 
discharge  in  a  ferroelectric  material  or  an  electric 
discharge  at  atmospheric  pressure  in  a  fast  flowing 
medium  [3,4]. 

Electric  discharge  at  atmospheric  pressure  in  a  fast 
flowing  medium  is  studied  at  our  laboratory.  First 
electrode  system  used  consisted  from  a  thin  plane 
which  was  perpendicular  to  a  massive  plane  electrode. 
The  system  was  placed  in  a  rectangular  chaimel 
through  wiiich  there  was  a  flow  of  air.  Volt-ampere 
characteristics  of  the  discharge  together  with  the 
generation  of  ozone  and  nitrogen  oxides  were  measured 
[4]. 


Fig.  1  Experimental  set-up. 

For  the  purposes  of  practical  applications  the 
important  role  is  played  by  the  efficiency  of  the 


discharge  in  producing  atoms  and  free  radicals.  This 
efficiency  certainly  depends  on  the  ratio  of  the  power 
dissipated  in  the  ballast  resistors  to  that  dqwsited  into 
the  bulk  of  plasma.  As  frr  as  this  ratio  was  in  our 
experiments  very  high  the  electrode  system  was 
changed.  Following  the  results  presented  in  [3]  this 
ratio  never  exceeds  10%  for  an  electrode  system 
consisting  from  the  anode  plate  and  a  multi-pin 
cathode. 

The  electrode  system,  see  Fig.  1,  consists  from  a  set  of 
7  pins  arranged  linearly  against  a  plane  anode.  As  fer 
as  the  discharge  with  positive  pins  is  difficult  to  control 
with  sparking  occurring  frequently,  the  experiments 
were  carried  out  with  negative  polarity  of  pins.  To 
stabilise  the  discharge  each  pin  is  individually  ballasted 
by  a  resistor  R=1MQ.  Pins,  which  are  separated  one 
from  the  other  at  equal  distances  z  are  made  from  iron. 
The  distance  z  was  either  7  or  10  mm.  Pins  protrude 

9.5  mm  from  the  holder.  The  discharge  gap  d  between 
the  tips  of  pins  and  a  plane  anode  can  be  varied  up  to 

1.5  cm.  The  electrodes  in  the  discharge  chamber  were 
cooled  by  flow  of  air.  DC  power  supply  provides 
voltage  up  to  50  kV. 

The  experiments  were  devoted  to  the  study  of  the 
influence  of  the  distance  d  between  the  tips  of  the  pins 
and  the  plane  anode  and  the  interpins  distance  z  on  the 
volt-ampere  characteristics  of  the  discharge  together 
with  the  study  of  the  current  distribution  among 
separate  pins.  Experiments  were  carried  out  with  two 
velocities  of  the  flowing  air  vi=30m/s  and  V2=70  m/s. 
The  typical  experimental  results  are  shown  in  Figures 
2-5.  ITie  curves  were  drawn  by  the  least  squares 
method. 

U[kV) 


Fig.2.  V-A  characteristics 

Discharge  voltage  C/  as  a  function  of  the  total  discharge 
current  /  for  different  distances  d  between  the  tips  of 
pins  and  the  plane  anode  is  shown  in  Fig.  2. 
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It  is  seen  that  for  a  given  current  I  discharge  voltage 
increases  with  the  increasing  d.  This  dependence  is 
obtained  for  both  values  of  air  velocity  and  both 
interpins  distances  z. 

V-A  characteristics  of  the  discharge  as  a  function  of  air 
flow  velocity  are  shown  in  Fig.3.  It  is  seen  that  for  a 
smaller  interpins  distance  z  =7  mm  discharge  voltage 
for  a  given  current  slightly  increases  when  velocity 
increases.  This  dependence  is  more  significant  for 
greater  d.  Full  lines  correspond  to  the  air  flow  velocity 
70  m/s  and  dashed  lines  correspond  to  the  air  flow 
velocity  30  m/s.  For  the  interpins  distance  r=10  mm 
distance  voltage  does  not  change,  within  the 
experimental  error,  with  velocity. 

U[kV] 


Fig.3  V-A  characteristics 

The  results  of  experiments  concerning  the  dependence 
of  the  V-A  characteristics  on  the  interpins  distance  z 
are  shown  in  Fig.  4.  As  it  is  seen  for  the  air  flow 
velocity  70  m/s  the  discharge  voltage  for  z=7mm 
increases  with  respect  to  interpins  distance  z=10mm  for 
all  values  of  distances  d.  For  velocity  30  m/s  V-A 
characteristics  do  not  depend  essentially  on  z. 


U[kV] 


Fig.4  V-A  characteristics 

Finally  in  Fig.  5  are  shown  partial  currents  flowing 
through  pins  No.  1,  4  and  7  as  a  function  of  the  total 
discharge  current.  It  is  seen  that  the  distribution  of 
currents  among  separate  pins  is,  within  a  range  of 
experimental  error,  uniform. 


Fig.5.  Current  distribution 


From  the  presented  results  it  its  obvious  that  V-A 
characteristics  of  the  discharge  are  influenced  not  only 
by  the  distance  d  between  the  tips  of  pins  and  the  plane 
anode  but  also  by  the  distance  z  between  the  pins  so 
that  it  could  be  possible  to  find  a  certain  optimum  ratio 
d/z  for  which  the  ratio  of  the  power  dissipated  in  the 
ballast  resistors  to  that  deposited  into  Ae  bulk  of 
plasma  has  an  optimum  vdue.  When  distance  d  is 
small  with  respect  to  z  obviously  discharge  from  the 
first  pin  does  not  influence  significantly  (for  the  range 
of  velocities  used)  discharge  from  the  second  pin  etc. 
This  will  be  case  of  moreover  separate  discharges. 

On  the  other  side  when  d  is  comparable  or  greater  than 
z  there  will  be  a  strong  influence  among  separate 
discharges.  Obviously  the  ratio  d/z  also  influences  the 
volume  of  the  channel  occupied  by  plasma  and  thus  the 
efficiency  of  the  future  possible  plasmachemical 
reactor  as  a  source  of  electrons  and  free  radicals. 

The  complex  lature  of  the  studied  phenomena  requires 
fiirther  comprehensive  experimental  and  theoretical 
work  which  may  bring  better  insight  into  the  physics  of 
this  type  of  discharge  and  consequently  into  its 
successful  application. 
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1  Introduction 

The  evolution  and  the  important  progresses  achieved 
these  last  years  indueed  many  unbalances  in  the 
physical  and  biologic  mediums.  In  order  to  face  serious 
problems  of  environment,  new  technologies  of 
depollution  (clean  technologies,  recycling, 
biotechnology,  thermal  and  non  thermal  plasmas)  are 
on  the  way  of  development  .  especially  as  the 
environmental  rules  become  stricter. 

A  new  reactor  using  the  technology  of  the  high  pressime 
cold  plasmas  and  devoted  to  the  destruction  of  the 
gaseous  pollutants  (H2S,  CH3SH,  NOx,  hydrocarbons, 
...)  is  presently  studied. 

We  tried  in  a  first  time  to  surround  and  imderstand  the 
type  of  created  discharges  in  this  reactor,  even  if  their 
quasiperiodic  and  non-stationary  nature  make  the 
survey  difficult.  A  theoretical  description  of  such  a 
discharge  has  been  published  quite  recently  [1]  but  the 
physical  mechanism  is  not  well  understood. 

2  Experimental  setup 


The  reactor,  the  electric  feeding  and  the  gas  system  is 
represented  in  the  figure  1. 


positioned  around  the  axis  of  the  cylinder  on  angles 
multiple  of  30°.  The  ambient  air,  which  constitutes  our 
vector  gas,  is  set  in  motion  by  two  blowers  placed  in 
serie.  A  melting  tank  allow's  to  inject  the  pollutants  in 
the  air  and  to  homogenize  the  mixture  passing  through 
several  grids  each  having  numerous  holes  of  different 
diameters. 

The  electric  supply  provides  an  AC  high  voltage  (about 
6  kV)  which  generates  an  initial  discharge  at  the  basis 
of  the  electrodes.  Three  power  transformers  permit  the 
maintenance  and  development  of  the  discharges  all 
along  the  electrodes. 

3  Achieved  diagnosis 

In  order  to  characterize  our  discharge,  several  means  of 
analysis  were  used. 

A  first  siuvey  of  tlie  fluidic  (injection  of  fine  threads  of 
smoke)  and  visualisation  of  some  profiles  of  speed 
informed  us  on  the  type  of  flow  obtained  inside  the 
reactor. 

Then  we  were  interested  in  the  electrical  aspect  by 
visualising  the  wave  forms  corresponding  to  the  voltage 
and  current.  For  it,  we  used  resistive  dividers, 
capacitive  and  current  probes  linked  with  a  digital 
oscilloscope  LeCroy  MODEL  9400.  A  recording  of  the 
characteristic  audible  noise  of  the  discharge  was  also 
performed.  So  as  to  obtain  more  indications  on  the  type 
of  discharge  regime  we  also  made  some  temperature 
measurements.  A  study  of  electric  parameters  has 
already  been  realized  by  SIMEK  [2]. 

In  order  to  determine  the  present  gaseous  species  in  tlie 
reactor  before  Uie  injection  of  the  pollutants,  some 
measurements  by  emission  spectroscopy  were  made. 
The  obtained  results  will  allow  us  to  make  some 
hj'pothesis  on  tlie  reactions  occurring  during  the 
discharge. 


Fig.l:  Experimental  setup 

The  reactor  consists  in  a  cylindrical  surrounding  wall 
in  Pyrex  of  35  cm  high,  8  cm  of  inner  diameter  and  0.5 
cm  thick.  It  resists  to  strong  temperatures  and,  being 
transparent,  allows  the  observation  of  the  electric 
discharges  which  take  place  all  along  the  electrodes. 
Inside  the  reactor,  we  have  a  wire-to-rods  system  with 
an  axial  symmetry  made  with  a  wire  central  electrode, 
constituted  by  one  thread  of  Chromel  ^0.1  cm  in 
diameter,  and  several  stainless  steel  rods  cylindricaly 


4  Results  and  discussion 

4.1  Hydrodynamic  aspect 

The  gas  speed  profiles,  obtained  for  the  various  gas 
system  configurations  (one  or  two  blowers  running) 
have  the  same  general  shape.  According  to  the  entrance 
diameter  used,  the  curve  presents  a  more  or  less  convex 
zone  and  another  smooth  one.  We  notice  that  the  gas 
flowing  is  less  turbulent  for  tlie  smallest  gas  flows. 
Then,  the  most  favourable  gas  flowing  allowing  a  good 
treatment  is  obtained  for  a  relatively  small  entrance 
diameter  and  a  gas  flow  lower  than  17  1/  s. 
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4.2  Electric  aspect 

The  figure  2  shows  voltage  and  current  signals  obtained 
on  one  electrode. 


p'lX :: 

1, 

. 

I 

_ t 

A 

_ I 

.1 

f 

J 

1 

it 

1 

! 

_ 1 

^1 

L .. 

t 

1 

.M 

_ 

' 

. . 

L 

L  ..... 

— 

.........1 

I 

■■ 

... 

f- 

i  . 

FI 

- . I 

. J 

Fig.  2  :  Voltage  (above)  and  current  ( below)  of  an 
electrode  arrows  indicating  the  same  time. 


Generally,  we  can  observe  that  the  current  is  modulated 
by  a  frequency  of  about  5  Hz.  If  we  compare  the  signal 
recording  voltage  and  current,  we  can  notice  that  i) 
when  we  have  modulated  current,  the  voltage  signal  is 
rather  simple  ii)  when  we  have  a  zero  current,  tlie 
signal  is  more  complex  with  various  impulses.  The 
figure  3  shows  the  correlation  between  Uie  recording  of 
audible  noise,  modulated  in  the  same  way  than  the 
current,  in  relation  with  the  gas  flow  increase.  The  end 
of  the  current  modulation  corresponds  to  the  rupture  of 
the  arc.  All  the  results,  as  temperature  measurements, 
indicate  that  we  are  closer  to  the  arc  regime  Uian  to  the 
corona  discharge. 


Fig.  3  :  Current  (above)  and  audible  noise  ( below) 
signals. 

4.3  Spectroscopic  aspect 

The  spectroscopic  measurements  show  the  presence  of 
numerous  excited  and  ionized  species  of  nitrogen  and 


oxygen,  that  demonstrates  the  high  energy  developed 
by  the  discharge.  These  species  are  essentially  located 
at  the  level  of  the  central  electrode,  starting  point  of  the 
discharge  taking  place  in  the  gas  flow  direction.  It  will 
be  necessary  to  let  the  gaseous  pollutant  sufficiently  in 
contact  witli  the  discharge  in  order  to  obtain  a  good 
treatment.  During  a  cycle  of  spectral  acquisition,  we 
can  obtain  some  spectra  without  signal,  certainly  in 
relation  with  the  local  extinction  of  the  discharge. 

5  Conclusion 

From  these  first  studies,  some  of  them  reported  in  [3], 
we  could  conclude  that,  in  the  hydrodynamic  point  of 
view,  we  must  work  with  a  reduced  gas  flow  passing 
through  a  small  entrance  diameter. 

Among  the  electric  parameters,  we  are  more  specially 
interested  in  the  current  and  it  will  be  necessaiy  to  limit 
it  in  order  to  avoid  the  transition  to  arc.  Furthermore, 
assuming  that  the  more  energetic  electrons  are 
responsible  of  the  pollutants  removing,  it  will  be 
necessary  to  avoid  the  lacks  of  current  that  we  can 
observe  at  times. 

As  soon  as  the  fluidic  and  electric  parameters  and  their 
evolution  are  well  defined,  the  optimization  in  the 
pollutants  removing  yield  will  start. 
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1-  Introduction 

In  recent  years,  the  removal  of  atmospheric  pollutants 
by  non  thermal  plasmas  has  been  heavily  investigated 
and  the  eflBciency  of  pulsed  discharges  is  now  well 
established.  Up  to  now,  two  kinds  of  discharges  have 
been  investigated;  the  pulsed  corona  discharges  and 
the  dielectric  barrier  discharges.  These  discharges  are 
filamentary  ones,  and  the  resulting  plasma  is  very 
inhomogeneous,  such  as  only  a  small  part  of  the  gas  in 
actually  treated  by  the  discharge. 

On  the  other  hand,  in  laser  technology,  different 
techniques  have  recently  been  developed  to  produce 
large  volume  of  homogeneously  excited  plasmas  in 
different  gases  at  atmospheric  pressures,  even  in 
presence  of  large  amount  of  electro-negative 
components.  Among  these  techniques,  the  so-called 
photo-triggered  discharges  [1-3]  have  been  shown  very 
efficient  to  dissociate  many  molecules  and  to  produce 
the  initial  steps  of  a  complex  set  of  chemical  reactions 
resulting  in  the  production  of  new  molecules  and 
radicals.  Thus,  the  physics  of  flue  gas  treatment 
appears  somewhat  similar  to  the  physics  involved  in 
excimer  or  chemical  lasers. 

As  a  result,  the  goal  of  the  present  work  is  to  assess 
the  potentialities  of  these  photo-triggered  discharges 
for  depollution  applications. 

2-  Experimental  set-up 

As  the  basic  operating  mode  of  the  photo-triggered 
discharges  has  been  previously  described  in  detail  [1- 
3],  only  a  brief  description  will  be  given  here.  The 
photo-triggered  discharge  reactor,  figure  1,  consists 
mainly  of  three  sections:  the  energy  storage  unit,  the 
discharge  chamber  and  the  preionisation  circuit.  The 
electrodes,  50  cm  long,  have  a  gap  of  1  cm  and  a  flat 
profile  over  1  cm.  As  a  result,  a  volume  of  50  cm^  can 
be  homogeneously  excited  at  each  shot.  The  storage 
unit  is  pulsed  charged  up  to  20  kV  either  directly  from 
a  power  supply  (rise  time  15ps)  or  through  a  C-L-C 
circuit  (rise  time  200  ns).  When  this  voltage  is 
reached,  the  preionisation  is  fired  and  initial  electrons 
are  produced  in  the  discharge  gap  by  photo-ionization 
from  the  U.V.  light  produced  by  an  auxiliary  surface 
discharge  located  under  one  of  the  discharge 
electrodes.  Several  optical  windows  allow  a 
spectroscopic  investigation  of  the  medium  both  in  the 
longitudinal  and  transverse  directions.  Nj,  O2  and  NO 
are  mixed  at  various  concentrations  iii  an  auxiliary 


tank  of  1500  cm^.  A  gas  compressor  is  used  to 
produce,  in  a  closed  loop,  a  gas  flow  through  the 
discharge  gap. 


energy 
storage  unit 

C=22nF 


Figure  1:  cross  sectional  view  of  the  photo-triggered 
discharge  reactor  for  gas  treatment. 

The  evolution  of  the  NO  concentration  has  been 
monitored,  mainly  through  spectroscopic  techniques. 
Emission  from  the  NO  y-bands  is  recorded  to  follow 
the  NO(A)  excited  state  concentration,  while 
longitudinal  absorption  spectroscopy  over  the  50  cm 
discharge  long,  is  used  to  study  the  evolution  of  the 
NO  ground  state  concentration.  Absorption 
spectroscopy  has  also  been  used  to  measure  the  ozone 
production  in  the  discharge.  These  spectroscopic 
diagnostics  allow  a  real  time  monitoring  of  the  actual 
discharge  volume  (50  cm^)  but  with  a  limited 
sensitivity.  Thus,  we  have  also  used  a 
chemiluminescent  detector  giving  a  sensitivity  of  a 
about  1  ppm.  However,  this  detector  can  only  be  used 
in  a  post-treatment  mode:  the  NO  concentration  has  to 
be  checked  in  the  total  volume  (1500  cm^)  afl;er  a 
given  number  of  shots. 

3-  Discharge  modeling 

A  model  has  been  developed  to  calculate  the  temporal 
evolution  of  the  concentration  of  the  different  species 
produced  by  the  discharge.  The  model  self  consistently 
couples  the  circuit  equations,  giving  the  input  energy 
in  the  reactor,  the  solution  of  the  Boltzmaim  equation 
for  the  electron  distribution  fimction,  and  the  kinetic 
equations  governing  the  evolution  of  the  various  heavy 
particles.  The  Boltzmann  equation  is  solved  using 
algorithms  developed  by  Segur  and  Bordage  [4].  The 
collisions  between  electrons  and  nitrogen,  oxygen  and 
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NO  molecules  are  described  by  detailed  sets  of 
collision  cross-sections,  whereas  the  physico-chemistry 
governing  the  temporal  evolution  of  the  various  states 
of  heavy  particles  is  described  by  a  set  of  180  reactions 
compiled  from  the  literature.  The  vibration-vibration 
and  vibration-translation  processes  which  are  known 
to  play  an  important  role  in  non-equilibrium  plasmas 
are  included  in  the  model. 

4-  Results  and  discussion 

Figure  2  shows  emission  spectra  of  a  mixture  of 
N2/NO  at  500  ppm  of  NO.  The  full  line  curve  is  the 
spectrum  recorded  on  the  first  shot,  while  the  dotted 
line  curve  is  recorded  after  185  shots.  This  figure 
clearly  shown  that  the  NO  emission  (k<290  nm) 
completely  disappears,  while  the  intensity  of  the  N2 
lines  (X>290  nm)  remains  unchanged. 


Figure  2:  Emission  spectra  of  a  N2/NO  mixture  at  500 
ppm  of  NO.  Full  line;  initial  spectrum,  dotted  line: 
spectrum  after  185  shots. 

Absorption  spectroscopy  as  well  as  chemiluminescent 
measurements  confirm  this  result;  NO  molecules  are 
completely  removed  from  the  photo-triggered 
discharge  reactor  after  a  given  number  of  shots 
depending  on  the  initial  NO  concentration.  For  each 
NO  concentration,  the  NO  removal  efficiency  is 
determined  from  the  knowledge  of  the  total  input 
energy  in  the  reactor.  These  efficiencies  are  shown  in 
Figure  3,  and  the  experimental  results  compared  to  the 
values  predicted  by  the  model.  Except  at  very  high  NO 
concentration,  the  agreement  between  the  model  and 
the  experiments  is  satisfactory. 

In  mixtures  comprising  more  than  10%  of  O2,  the  NO 
y-bands  can  not  be  observed  in  emission,  in  such  a  way 
that  only  absorption  spectroscopy  can  be  used  to  follow 
in  a  real  time  the  NO  removal.  Unfortunately  the  NO 
absorption  bands  are  superposed  to  the  large 
absorption  continuum  of  ozone  which  is  produced  by 
the  ffischarge.  Thus,  the  determination  of  the  NO 
removal  in  N2/O2/NO  mixtures  requires  differential 
measurements  which  are  currently  performed. 


Figure  3:  Comparison  between  experimental  data  and 
model  predictions  for  the  efficiency  of  NO  removal. 

For  a  80/20  %  N2/O2  mixtiue,  the  predicted  temporal 
evolution  of  various  heavy  particles  are  shown  in 
figure  4,  and  the  evolution  of  the  predicted  ozone 
population  is  compared  to  the  experimental  one.  The 
agreement  between  model  and  experiment  is  within  a 
factor  of  2. 


Time  (s) 

Figure  4:  Temporal  evolution-  of  some  species 
produced  in  N2/O2.  Lines  are  the  model  predictions, 
and  symbols  the  ozone  concentration  measurements. 

5-  Conclusion 

These  preliminary  results  point  out  that  the  photo- 
triggered  discharge  reactors  are  very  effective  to 
homogeneously  remove  atmospheric  pollutants  from 
large  volumes.  Studies  are  in  progress  to  optimize 
these  new  reactors.  Moreover,  as  large  amounts  of 
ozone  are  produced  in  N2/O2  mixtures,  these  reactors 
should  also  be  investigated  as  ionizers. 
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A  main  reason  for  destructionof  the  ozone  layer 
is  high  contents  of  freons  (CFCs)  in  the  Earth  atmo¬ 
sphere.  The  characteristic  lifetime  of  freons  in  the 
stratosphere  is  tens  of  years;  therefore,  destruction 
of  the  ozone  layer  will  go  on  for  a  long  time  even 
after  utilization  of  CFCs  has  stopped.  At  these  con¬ 
ditions  special  importance  is  acquired  by  the  search 
for  efficient  methods  [1-2]  of  purification  of  gaseous 
wastes  of  the  indusrties  using  CFC  components  (e.g. 
microelectronics),  as  well  as  the  atmosphere  proper. 

This  paper  gives  results  of  experimental  studies 
of  freon  destruction  in  a  pulse-periodic  nanosecond 
corona  discharge.  The  discharge  chamber  was  a  sec¬ 
tion  of  metal  cylinder,  5  cm  in  diameters  and  40  cm 
long,  which  was  used  as  an  external  electrode.  The 
chamber  contained  a  quartz  tube  with  optical  win¬ 
dows  at  the  ends.  The  second  electrode,  0.7  mm  in 
diameter,  which  was  placed  along  the  tube  axis,  was 
fed  with  pulses  of  negative  polarization  produced  by 
a  pulse  generator.  Pulse  amplitude  was  30-40  kV, 
duration  r=  50  ns,  and  repetition  rate,  F  =  1-100 
Hz.  The  experiment  was  performed  under  pressures 
p  =  50-760  Torr  in  air  for  various  percent  content  of 
C2CI3FS  (freon-113)  with  no  gas  pumping. 


eV/molecule 
10  V 


10  N 


Fig.l 


Pf/p,  % 


Freon  concentration  in  the  course  of  experiment 
was  measured  with  a  spectrograph  basing  on  the  da¬ 
ta  about  absorption  of  IR  radiation  in  the  range  of 
A  =  7.5  —  20pm.  Dependence  of  energy  cost  for  de¬ 
struction  of  one  CFC-113  molecule  on  its  percent 
content  at  the  80  %  level  of  purification  is  shown 
in  Fig.l  for  the  pulse  repetition  rate  F  =  25  Hz  un¬ 


der  the  mixture  pressure  p  =  100  Torr.  From  these 
experements  it  follows  that  the  energy  cost  is  higher 
when  the  share  of  freon  content  is  lower. 

Let  us  consider  possible  channels  for  CFC  de¬ 
struction  in  a  discharge.  There  are  a  few  such 
channels:  CFC  dissociation  by  an  electron  impact, 
CFC  dissociation  during  collisions  with  molecules 
and  atoms  excited  in  a  discharge,  thermal  dissoci¬ 
ation,  dissociative  attachment  of  electrons  and  dis¬ 
sociative  re-charging  of  negative  ions.  Gas  heating 
in  a  nanosecond  discharge  is  insignificant,  hence  one 
can  neglect  the  thermal  destruction  of  CFC.  The  pro¬ 
cess  of  dissociative  attachment  is  characterized  by  its 
high  selectivity.  Efficiency  of  this  channel  is  limited 
by  the  processes  of  death  of  electrons,  which  are  not 
associated  with  attachment  to  CFC  (in  air  it  is  at¬ 
tachment  to  O2  and  recombination).  However  if  CFC 
content  in  air  is  sufficiently  high,  such  that 

Nf  >  ~  7  •  lOV  (1) 

where  Va  =  140p^s  is  frequency  of  three-body  at¬ 
tachment  of  electrons  to  O2,  and  10“^cm^/s 

is  constant  of  dissociative  attachment  to  CFC),  then 
at  the  stage  of  plasma  decay  the  main  part  of  ”  cold” 
electrons  will  attach  to  freon  molecules,  and  the  num¬ 
ber  of  destroyed  molecules  will  be  iVe. 

The  number  of  CFC  molecules  dissociated  by  an 
electron  impact  or  by  dissociative  attachment  during 
a  pulse  is  determined  by  the  following  expression: 

AA;  =  -Ne-Nf  -T  (2) 

where  ki  a  is  constant  of  CFC  dissociation  by  an  elec¬ 
tron  impact  or  constant  of  dissociative  attachment  of 
electrons  in  a  discharge.  From  Eq.(l)  and  (2)  one  can 
determine  the  range  of  freon  concentration,  at  which 
the  prossses  of  dissociative  attachment  in  the  decaing 
plasma  play  the  main  part  in  freon  destruction: 


Va/ka  <  Nj  <  l/(r  •  kd,a)  (3) 

For  p=  100  Torr  and  r  =  5T0~*s  it  corresponds 
to  the  condition  of  10^^cm“®  <  Nf  <  3  •  10^^cm“®. 
At  Nf  >  l/(r  •  fed, a)  the  main  part  of  CFC  will  be 
destroyed  during  the  pulse.  Let  us  consider  now  the 
role  of  excited  particle  in  the  process  of  CFC  de¬ 
struction.  Freons  may  be  destroyed  with  sufficient 
efficiency  by  interaction  with  meta-stable  atoms  and 
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molecules  of  oxygen,  nitrogen  or  inert  gases  in  the 
processes  of  the  following  tipe: 

FC  +  0{^D),  Ari^Pi)...  product, 

(4) 

kr  ^  10  —  10  ^^CTO^/s 

The  number  of  excited  particles  N* ,  formed  in 
the  discharge  during  a  pulse  may  be  estimated  basing 
on  the  following  correlation; 

N*  =  k*  -Ne- No- T  (5) 

where  k*  is  consnant  of  excitation  of  active  parti¬ 
cles,  and  No  is  gas  density.  Efficiency  of  reactions 
(4)  is  limited  by  the  processes  of  damping  of  excit¬ 
ed  particles  by  molecules  of  neutral  gas.  Having  as¬ 
sumed  that  the  characterstic  lifetime  of  active  parti¬ 
cles  equals  t*  =  l/(fc„  •  Ng)  where  kn  is  constant  of 
quenching  N*  with  neutral  molecules,  let  us  estimate 
the  number  of  CFG  molecules  destoyed  in  time  t*  in 
process  (4): 


an  important  item  among  the  channels  of  freon  de¬ 
struction  are  collisions  with  excited  particles  and 
oxygen  atoms.  Energy  cost  of  destroying  one  CFG 
molecule  at  these  conditions  decreases  as  freon  con¬ 
tent  in  the  mixture  grows  (Fig.  1).  At  a  lower  level 
of  GFG  content,  it  is  mainly  destroyed  in  the  process 
of  dissociation  attachment  at  the  stage  of  plasma  de¬ 
generation,  and  the  energy  cost  does  not  depend  on 
JV/  and  is  determined  by  electron  density  achieved 
by  the  end  of  the  pulse.  At  even  lower  concentra¬ 
tions  one  has  to  take  into  account  the  processes  of 
Ne  decay  that  are  not  associated  with  attachment  to 
GFG. 
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Nf  =  kr-N*-Nf-T*^ 


kr-k*/kn-No-Nf  -  (6) 


*  Nq  '  ivy  •  T 

From  comparing  Eqs.(3)  and  (6)  it  is  seen  that 
the  processses  of  GFG  destruction  with  participa¬ 
tion  of  excited  particles  are  predominant  over  the 
processes  of  freon  dissciation  by  electrons  at  k^^^  = 
kr  ■  k*/kn  >  kd,a-  In  the  experiment  under  air  pres¬ 
sure  p  =  100  Torr  and  Nj  =  3.5  •  10^® cm“®,  over 
80%  of  freon  were  destroyed  after  the  mixture  had 
been  treated  with  a  series  of  3000  pulses.  Estima¬ 
tions  show  that  in  this  case  about  1%  of  GFG  may 
be  destroyed  in  the  process  of  dissociative  attach¬ 
ment  at  the  stage  of  plasma  decay,  and  about  3%, 
in  the  process  described  by  Eq.  (2).  From  here  one 
can  conclude  that  an  important  channel  for  GFG  de- 
scruction  at  its  high  content  is  reaction  (4).  Let  us 
consider,  for  the  sake  of  certainty,  reactions  with  par¬ 
ticipation  of  an  excited  oxygen  atom,  0{^D').  Having 
used  the  constants  of  the  processes,  k*  =  10“®cm®/s, 
kn  —  10~^^c77i^/s,  kr  —  1.5  •  10“^°cm®/s,  we  ob¬ 
tain  =  1.5  •  10“®cm®/s.  Then,  in  accord  with 
(6),  the  number  of  freon  molecules  destroyed  by  one 
pulse  will  be  AA/  =  15 Ag.  The  experiments  showed 
that  a  considerable  part  in  freon  destruction  may 
be  also  played  by  0(®P)  atoms.  By  that,  as  freon 
concentration  grows,  efficiency  of  GFG  destruction 
with  participation  of  0(^P)  atoms  also  grows,  and 
at  Nf  >  koz  ■  [O2]  •  [No\/kr  ~  2  •  IQ^^  (where  kr  is 
constant  of  reaction  (4)  for  0{^P),  koz  is  constant  of 
ozone  formation),  all  the  atoms  of  oxygen  take  part 
in  process  (5),  and  no  ozone  is  produced. 

Thus,  the  performed  estimations  'show  that  un¬ 
der  the  experimental  conditions  at  Nf  >  2-10^®cm“^ 
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Recently  the  search  for  methods  for  ozone  re¬ 
generation  in  the  region  of  ozone  ’’holes”  by  actively 
affecting  the  earth’s  atmosphere  has  become  espe¬ 
cially  extensive.  The  proposed  projects  deal  main¬ 
ly  with  two  different  approaches:  atmosphere  purifi¬ 
cation  from  chlorofiuoro carbons  [1,2]  and  regenera¬ 
tion  of  ozone  to  the  initial  natural  level  [3,4].  Such 
projects  are  planned  to  be  accomplished  by  means 
of  an  artificially  ionized  layer  (AIL)  produced  in  the 
atmosphere  at  different  heights  by  nanosecond  mi¬ 
crowave  pulses  injected  from  ground-based  antennas. 
This  paper  contains  a  discussion  of  the  second  re¬ 
search  line.  Here  we  report  the  results  of  labora¬ 
tory  experiments  modeling  production  of  the  AIL 
in  the  atmosphere  with  a  pulse-periodical  nanosec¬ 
ond  microwave  discharge.  An  important  parameter 
that  makes  the  microwave  discharge  rather  advanta¬ 
geous  for  generation  of  ozone  in  the  atmosphere  is 
amount  of  energy  going  into  production  of  one  ozone 
molecule. 

In  the  first  experiment  the  microwave  genera¬ 
tor  (relativistic  carsinotron)  operating  within  the  8- 
mm  wavelength  band  was  used  with  power  P  —  20 
MW,  pulse  duration  r  =  5  ns  and  pulse  repetition 
frequency  F  —  1  —  10  Hz.  The  second  experiment 
was  performed  using  a  3-cm  wavelength-band  mag¬ 
netron  with  power  P  =  50  kW  at  pulse  duration 
r  =  500  ns.  The  magnetron  could  operate  at  a  high 
pulse  repetition  rate,  up  to  P  =  10®  Hz.  In  the  sec¬ 
ond  Ccise  a  cavity-bcised  microwave  pulse  compressor 
was  also  used.  This  device  transformed  pulses  of  the 
magnetron  into  pulses  with  duration  r  =  6  ns  and 
P  =  800  kW.  Figure  1  represents  schemes  of  the 
experiments.  The  discharge  was  ignited  in  two  ba¬ 
sically  different  electrodynamic  systems.  In  the  first 
case  microwave  radiation  was  focused  with  a  parabol¬ 
ic  cylinder,  so  that  the  electromagnetic  field  in  the 
breakdown  region  weis  close  to  a  standing  cylindrical 
TE-mode.  The  vector  of  electric  field  was  parallel  to 
the  axis  of  the  mirror.  The  discharge  wcis  shaped  as 
a  cylinder  several  millimeters  in  diameter  and  about 
30  cm  long.  In  the  second  case  a  quasi-planar  stand¬ 
ing  electromagnetic  wave  was  formed  by  means  of  a 
spherical  mirror.  Then  the  discharge  was  a  set  of 
plasmoids  about  3  cm  in  diameter  localized  at  the 
antinodes  of  the  standing  wave.  The  experiments 
were  performed  at  the  room  temperature  of  the  air 
in  the  pressure  range  p  =  10  -  250  Torr.  The  densi¬ 


ties  of  ozone  and  nitrogen  dioxide  were  measured  by 
observing  the  absorption  of  the  radiation  of  a  hydro¬ 
gen  lamp  at  wavelengths  A  w  260  nm  and  A  «  .360 
nm,  respectively. 

The  following  regularities  of  ozone  production  in 
the  air  were  observed.  In  the  nanosecond  microwave 
discharge  effective  dissociation  of  molecules  of  O2 
and  N2  (  effective  production  of  O  and  N  atoms) 
takes  place.  As  the  result,  concentration  of  O3  in¬ 
creased  linearly  during  the  first  pulses.  The  energy 
cost  was  determined  basing  on  the  total  energy  of  the 
microwave  pulse,  W  =  P  t,  and  using  the  following 
formula: 

S  =  P-T-n,/[03]-V,  (1) 

where  Up  is  number  of  microwave  pulses,  [O3]  is  ozone 
density  after  tip  pulses  and  Vk  is  the  volume  of  the 
vacuum  chamber.  The  results  of  measuring  the  en¬ 
ergy  cost  of  ozone  production  for  two  different  types 
of  the  microwave  discharge  is  shown  in  Fig. 2.  The 
energy  cost  was  2  -3  times  lower  in  a  discharge  creat¬ 
ed  by  standing  waves  than  in  a  discharge  formed  by 
a  converging  cylindrical  TE-mode.  This  shows  that 
efficiency  of  ozone  formation  depends  essentially  on 
the  electrodynamic  system  producing  the  discharge. 
For  systems  operating  with  standing  waves  or  cross¬ 
ing  wave  beams  efficiency  turns  out  to  be  higher. 

These  experiments  showed  that  the  energy  cost 
of  production  of  one  ozone  molecule  is  lower  in  that 
type  of  the  microwave  discharge,  in  which  the  max¬ 
imum  of  its  energy  goes  into  dissociation  of  oxygen 
molecules.  Oxygen  atoms  are  produced  and  then 
converted  into  ozone  mainly  in  dissociation  of  O2 
molecules  by  an  electron  impact  (direct  channel)  and 
in  collisions  of  O2  with  metastable  N2  molecules  (in¬ 
direct  channel).  The  velocity  constants  for  these  pro¬ 
cesses  are  determined  by  the  function  of  electron  dis¬ 
tribution  over  energies  and  depend  on  intensity  of  the 
electric  field  in  plasma.  The  value  of  rate  of  O2  dis¬ 
sociation  by  an  electron  impact,  kd,  is  rather  well 
known  for  a  constant  electric  field.  Using  it  we  can 
evaluate  the  energy  cost  of  production  of  one  ozone 
molecule  in  the  microwave  discharge.  We  assume 
that  all  oxygen  atoms  are  formed  in  the  process  of 
direct  dissociation  of  oxygen,  and  then  they  enter 
the  reaction  of  ozone  synthesis.  The  ozone  density 
produced  in  one  microwave  pulse  is  given  by 

[O3]  =  [O]  =  2  •  kd{EJN)  ■  [O2]  -Ne-T.  (2)' 
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The  energy  cost  of  one  ozone  molecule  is  found  from 
the  ratio  of  the  microwave  energy  absorbed  in  plasma 
to  ozone  density: 

,  ^  <rE^r  ^  5  {EJNY 

2kd[02]N^T  2  m  \n)  kj  ^  ’ 


where  cr  =  e^Nei//m{i'^ +u'^)  is  specific  plasma  con¬ 
ductivity,  Ee  =  E  ■  is  efficient  electric 

field,  u  is  rate  of  electron-molecule  collisions,  and  w 
is  the  wave  frequency.  Using  equation  (3)  it  is  easy 
to  determine  optimal  conditions,  when  at  the  preset 
energy  of  the  microwave  pulse  the  number  of  oxygen 
atoms  produced  in  the  ionized  region  is  maximal. 
The  value  of  (Eg/N)^ /kd  is  minimal  when  the  value 
of  reduced  efficient  electric  field  Eg/N  is  determined 
by 


Eg/N  = 


2kd 


dkd/d{Eg/N) 


(4) 


Figure  3  shows  the  dependence  of  S  on  the  re¬ 
duced  electric  field  Eg/N  determined  by  calculation 
(curve  1)  using  equation  (3)  and  by  experiment.  The 
experimental  value  of  efficient  field  Eg  was  deter¬ 
mined  from  intensity  of  the  electric  field  in  the  dis¬ 
charge  region  before  the  breakdown  starts,  and  the 
rate  of  electron  collisions  in  air  was  assumed  equal 
to  £/  =  5, 3  •  10®  ■  p(c~^). 

As  seen  from  Fig. 3,  experimental  values  of  6  are 
lower  than  the  calculated  ones.  It  witnesses  that  the 
channel  of  O2  dissociation  associated  with  excitation 
of  electronic  levels  of  N2  molecules  plays  a  signifi¬ 
cant  part  in  the  plasma  of  a  nanosecond  microwave 
discharge  in  air.  We  added  curve  2  to  Fig. 3  to  rep¬ 
resent  the  results  of  calculating  the  energy  cost  of 
ozone  formation  with  account  for  indirect  channel  of 
O2  dissociation. 

Thus,  there  are  optimal  conditions  for  oxygen 
dissociation  in  air.  The  results  of  the  perforiiied 
modeling  experiments  make  it  possible  to  conclude 
that  an  efficient  way  to  produce  ozone  in  the  atmo¬ 
sphere  has  been  found.  A  nanosecond  microwave 
discharge  can  efficiently  generate  ozone.  The  labora¬ 
tory  experiments  demonstrated  sufficiently  low  en¬ 
ergy  costs  of  producing  one  ozone  molecule;  6  = 
15  —  20eV/molecule,  which  corresponds  to  produc¬ 
tion  of  lOOg  of  ozone  per  IkW-h  of  consumed  energy. 
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a)  b) 


Fig.l.  Different  schemes  for  creation  of  microwave 
discharges:  1  -  microwave  radiation,  2  -  quartz  re¬ 
tort,  3  -  discharge  plasma,  4  -  parabolic  cylinder,  5 
-  spherical  mirror. 


6,  eV/molecule 


Fig. 2.  Dependence  of  energy  cost  of  ozone  produc¬ 
tion  on  air  density  for  discharges  created  by  a  con¬ 
verging  cylindrical  TE-mode  (1)  and  by  standing 
wave  (2). 


Fig. 3.  Dependence  of  energy  cost  of  ozone  produc¬ 
tion  on  the  reduced  electric  field:  1,2-  calculation, 
o,  □  -  experiment. 
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IV-214 

Heurier  C. 

II- 100 

11-102 

ni-44 

IV- 150 

Hieser  J. 

IV- 124 

Hiesser  W. 
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Krenek  P. 
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Kudrle  V. 
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IV-146 

Kurilenkov  Yu.K. 

1-186 

1-188 
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L 

Laan  M. 

IV-32 
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Leon  L. 

1-70 

Leprince  P. 
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in-76 

Lorthioir  S. 

111-86 

Louhibi  D. 

11-244 

Loureiro  J. 

1-90 

1-102 

IV- 160 

lV-232 

Louvet  G. 

1-186 

Loza  O.T. 
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Marty-Dessus  D. 
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Matsumoto  M. 

1-238 

n-58 

Matsuoka  M. 

1-134 

11-34 

IV- 132 

Matveev  A. A. 

.  1-138 

Maury  J. 

IV- 114 

Maximov  A.L 

1-256 

Mayoux  C. 

III- 106 

McFarland  J. 

IV-151 

Meger  R. 

11-30 

Melin  G. 

1-140 

Melnig  V. 

11-172 

Melnikov  A.S. 

1-80 

Mentel  J. 

11-130 

11-132 

III-48 

in-50 

Merad  A. 

1-112 

Mercier  M. 

11-92 

IV-74 

Mere!  P. 

1-168 

Mesyats  G.A 

11-32 

Meunier  J.L. 

11-98 

IV- 176 

Mezhiba  A. 

1-212 

Michaut  C. 

in-78 

Michel  H. 

rv-66 

IV- 198 

IV-200 

Michishita  T. 

1-230 

Mikheev  L.D. 

1-48 

IV-52 

Mikikian  M. 

1-202 

Milenin  V.M. 

III-54 

in-56 

MilicB.S. 

1-28 

1-222 

1-224 

1-226 

Millet  P. 

1-104 

Mimura  M. 

IV-118 

Minami  K. 

1-144 

1-228 

Minea  T.M. 

III-80 

Mintsev  V.B. 

1-212 

Mitrofanov  N.K. 

11-134 

IV-138 

Mizeraezyk  J. 

1-250 

n-130 

III-50 

Mobasher  M. 

1-118 

Modreanu  G. 

n-50 

Mohri  A. 

1-230 

Moisan  M. 

1-168 

Mokhtari  A.E. 

11-244 

Molotkov  V.I. 

1-178 

Mond  M. 

1-236 

Monin  M.P. 

1-270 

XXECI ICPIG  (  Toulouse,  Frajice  )  17  -  22  July  1997 


Moreno  J. 

n-12 

Mori  A. 

III-28 

11-34 

Mori  I. 

IV-266 

Morimoto  T. 

rv-266 

Morozov  A. 

IV- 124 

Morozov  A.L 

11-76 

Morozov  D.A. 

III-68 

1-208 

Morrow  R. 

11-258 

Morvova  M. 

IV-38 

1-262 

Mouadili  A. 

III-24 

Movtchan  LA. 

1-80 

Mozgovoi  A.L. 

1-6 

Mozgrin  D.V. 

11-24 

Muller  H.J, 

IV-54 

Muller  I.  ■ 

11-182 

Muller  S. 

IV- 120 

Murata  T. 

III-82 

Muromkin  Yu.  A. 

11-162 

Murphy  D. 

n-30 

Musa  G. 

1-92 

- 

I- 94 

II- 118 

Mushiaki  M. 

11-188 
IV- 156 

Musikowski  H.D. 

11-128 

Musinov  S. 

IV-222 

Musiol  K. 

11-122 

Mustata  I. 

11-118 

Myamoto  K. 

n-188 

1-92 

N 

Nagahama  T. 

1-228 

Naghizadeh-Kashani  Y.II-106 

Nagorny  V.P. 

1-30 

Naidis  G.V. 

11-246 

Naito  Y. 

1-144 

Nakamura  M. 

1-76 

Nakamura  Y. 

1-196 

1-242 

Nandelstadt  D. 

1-244  ■ 

n-132 

Napartovich  A.P. 

1-24 

Nefedov  A.P. 

1-66 

1-176 

Neger  T. 

1-178 
IV- 122 

Neiger  M. 

IV- 124 
IV- 126 
1-264 

Nekuchaev  V.O. 

11-36 

1-36 

11-54 

Nerushev  O.A. 

1-198 

Ness  K.F. 

1-54 

Neuilly  F. 

IV-202 

Nichipor  G.V. 

1-250 

Nicolazo  F. 

III-74 

Nienhuis  G.J. 

n-224 

Niessen  W. 

1-264 

Nikulin  S.P. 

n-36 

Nishioka  T. 

11-58 

Nistor  M. 

n-50 

11-52 

Nogaki  M. 

IV-40 

Novak  M. 

IV-226 

IV-228 

Novak  S. 

11-248 

IV- 128 

Novakovic  N.V. 

1-28 

Nunomura  S. 

1-196 

NurM. 

IV-10 

IV-12 

o 

Odagiri  T. 

1-74 

Ohe  K. 

1-76 

n-22 

11-66 

IV- 140 

Ohno  N. 

1-196 

Ohtani  K. 

IV-86 

Oien  A.H. 

1-32 

ni-4 

Oishi  H. 

1-230 

Okada  T. 

1-96 

Okazaki  S. 

IV-26 

Okita  Y. 

ni-82 

Olthoff  J.K. 

1-68 

Ono  M. 

IV-186 

Onoda  H. 

n-68 

Onose  H. 

1-144 

Otorbaev  D.K. 

rv-iio 

Otte  M. 

11-38 

11-40 

Overchuk  K. 

IV-222 

P 

Pacheco  J. 

11-120 

Paillol  J. 

n-42 

n-250 

Panchenko  V.G.  ' 

n-178 

n-180 

IV-240 

rV-248 

Pancheshnyi  S.V. 

IV-48 

Panciatichi  C. 

n-214 

Pardo  C. 

n-112 

Paris  P. 

IV-32 

Parizet  M.J. 

11-96 

Parys  P. 

IV-272 

Pashkovsky  V.G. 

n-162 

Passoth  E. 

n-8 

Pauna  0. 

1-166 

Pavlenko  V.N. 

1-232 

11-178 

11-180 

IV-240 

IV-248 

Pavlik  J. 

IV- 128 

Pavlik  M. 

IV-250 

Pavlov  V.B. 

III-88 

Pawelec  E. 

11-122 

Pealat  M. 

IV-216 

Pechacek  R. 

11-30 

Pedoussat  C. 

11-252 

Pejovic  M.M. 

11-46 

rV-178 

Pekarek  S. 

1-266 

Pellerin  S. 

11-122 

Pelletier  J. 

IV-230 

Peres  G. 

11-254 

Perret  C. 

11-256 

Perrin  J. 

IV- 190 

Peska  L. 

11-78 

11-82 

Petit  L. 

III-98 

Petrov  G. 

11-266 

Petrov  O.F. 

1-176 

1-178 

Petrov  T. 

11-130 

Petrovic  Z.Lj. 

1-34 

1-98 

11-44 

11-46 

IV-42 

IV- 178 

Peyrous  R. 

1-268 

ni-84 

IV- 180 

Pfau  S. 

11-38 

11-40 

Phelps  A.V. 

11-48 

Piejak  R. 

IV-76 

Pierre  Th. 

11-164 

11-170 

Pierson  J.F. 

IV- 198 

Pignolet  P. 

11-42 

Pinheiro  M.J. 

IV-232 

1-124 

Pintassilgo  C.D. 

1-102 

Pitchford  L.C. 

I- 100 

11-56 

11-252 

III-42 

m-70 

III-86 

Placinta  G. 

IV-242 

Pogora  V. 

11-138 

Pointu  A.M. 

11-50 

11-52 

Pokrzywka  B. 

11-122 
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Ponomarev  N.S. 

1-36 

11-54 

Popa  G. 

n-66 

IV-242 

Popescu  A. 

11-118 

11-188 

Popescu  I.I. 

11-50 

11-52 

Popov  A.M. 

11-28 

Popov  N.A. 

1-88 

Poppe  F. 

in-38 

Porokhova  LA. 

11-4 

11-6 

n-62 

Porras  D. 

111-60 

Postal  C. 

1-270 

Potanin  E.P. 

IV- 106 

Potapkin  B.V. 

lV-224 

Pousse  J. 

11-126 

Pouvesle  J.M. 

111-30 

in-32 

111-44 

Praessler  F. 

1-146 

Prazeller  P. 

1-260 

Proshina  O.V. 

1-88 

11-234 

Protuc  1. 

11-138 

Proulx  P. 

11-206 

Puech  V. 

1-270 

Punset  C. 

111-42 

Purwins  H.G. 

n-182 

R 

Rabehi  A. 

lV-44 

Rahal  H. 

1-22 

Rahel  J. 

lV-250 

Rakhimov  A.T. 

1-86 

1-88 

Rakhimov  A.T. 

11-28 

11-234 

111-40 

Rakhimova  T.V. 

1-86 

1-88 

1-182 

n-28 

11-234 

m-40 

Ravary  B. 

11-124 

Raynaud  P. 

1-148 

in-74 

Razafmimanana  M. 

11-88 

11-120 

11-126 

11-136 

Redon  R. 

lV-116 

Reess  T.  . 

n-250 

Remscheid  A. 

lV-148 

Remy  M. 

rv-244 

Revel  1. 

11-56 

Riad  H. 

11-106 

Ricard  A. 

1-168 

lV-66 

lV-198 

lV-200 

lV-210 

Richou  J. 

1-174 

lV-116 

Rivaletto  M. 

11-42 

Robert  E. 

111-30 

111-32 

Robin  L. 

IV- 152 

Robson  R.E. 

1-52 

1-54 

Roca  i  Cabarrocas  P. 

lV-204 

Rodriguez- Yunta  A. 

n-112 

Rohlena  K. 

lV-272 

Rohmann  J. 

11-38 

11-40 

Romeas  P. 

1-186 

Rosatelli  C. 

11-176 

Rosenfeld  W. 

m-44 

Rosenkranz  J. 

1-266 

Rosum  l.N. 

n-178 

11-180 

Roth  M. 

1-212 

Rousseau  A. 

lV-92 

Roussel  J. 

lV-130 

Roussel-Dupre  R.T. 

ni-6 

in-8 

m-io 

m-12 

in-52 

Rovtar  J. 

lV-162 

Rozoy  M. 

1-270 

Rozsa  K. 

11-64 

Rudakowski  S. 

lV-148 

Rudnitsky  V.A. 

1-38 

Rukhadze  A.  A. 

1-172 

in-46 

ni-88 

Rulev  G.B. 

1-86 

Rusanov  V. 

lV-222 

Rusanov  V.D. 

lV-224 

Rusnak  K. 

IV-258 

Rutkevich  1. 

1-234 

1-236 

Ryazantsev  E.l. 

lV-224 

Rybakov  A.B. 

lV-138 

Rybakov  V.V. 

1-240 

s 

Sa  P.A. 

1-90 

Sabonnadiere  M.P. 

1-48 

Sabotinov  N. 

n-130 

Sadeghi  N. 

1-150 

1-152 

lV-202 

lV-246 

Saenko  V.A. 

1-38 

IV- 182 

lV-248 

Saidane  K. 

11-126 

Sakai  T. 

IV- 16 

Sakai  Y. 

1-92 

Sakamoto  S. 

IV- 186 

Salabas  A. 

11-118 

Salamero  Y. 

1-104 

Samarian  A. 

1-184 

Sando  K. 

1-164 

Sanduloviciu  M. 

n-172 

11-184 

11-186 

11-188 

n-190 

Sapozhnikov  A.V. 

1-138 

Sarrette  J.P. 

1-254 

n-160 

Sarroukh  H. 

111-24 

Sarytchev  D.V. 

n-26 

Sasada  T. 

IV- 132 

Sato  K. 

lV-118 

Sato  S. 

1-242 

Sato  T. 

1-164 

Satoh  H. 

1-238 

11-58 

Satoh  K. 

11-260 

Saulle  C. 

111-46 

Savinov  V.P. 

1-108 

Savjolov  A.S.- 

n-24 

11-26 

lV-112 

Sayler  G.S. 

111-102 

Scheibe  H.J. 

11-128 

Scheibner  H. 

lV-188 

Schein  J. 

11-132 

Scheiring  Ch. 

1-84 

Scherbakov  Yu.V. 

11-210 

Schepe  R. 

1-40 

Scheubert  P. 

n-202 

n-204 

Schimke  C. 

ni-34 

rv-108 

Schmidt  E. 

ni-48 

Schmidt  M. 

lV-196 

Schmoll  R. 

IV- 164 

Schopp  H. 

11-114 

IV- 108 

Schram  D.C. 

11-108 

in-62 

in-63 

111-108 

lV-254 

Schruft  R. 

1-264 
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Schulze  J. 

11-130 

Simek  M. 

1-72 

Stoykova  E. 

1-160 

III-48 

IV-14 

1-162 

III-50 

IV-80 

Strelkov  P.S. 

ni-46 

Schumann  J. 

11-118 

Simko  T. 

11-64 

Strinic  A. I. 

IV-42 

Schumann  M. 

11-132 

IV- 184 

Suchaneck  G 

1-146 

Schwarzenbach  W. 

1-150 

Simonet  F. 

in-16 

Sugawara  M. 

1-96 

IV-202 

Singaevsky  I.F. 

1-108 

1-164 

Segui  Y. 

1-148 

Singh  D.P. 

1-44 

n-68 

in-74 

1-154 

Suginuma  Y. 

IV-40 

Segur  P. 

11-260 

n-60 

Sukhinin  G.I. 

1-46 

IV-44 

Singh  N. 

11- 136 

1-198 

Selen  LJ.M. 

III-108 

Sirghi  L. 

n-66 

Sukhomlinov  V.S. 

IV- 170 

Sentis  M.L. 

1-48 

Si-Serir  F. 

n-244 

IV-172 

III-26 

Skalny  J.D. 

IV-250 

Sultan  G. 

IV-232 

IV-52 

Skowronek  M. 

1-186 

Sunarchin  A.A. 

rV-262 

Sergeichev  K.F. 

n-196 

Skrynnikov  A.V. 

IV-256 

Sunka  P. 

1-248 

Serianni  G. . 

n-262 

Skvortsov  V.A. 

in- 14 

IV-14 

IV-134 

IV-270 

Supiot  P. 

IV-142 

Servant  S. 

11-92 

Slavicek  P. 

1-128 

Surda  V. 

IV-8 

Sery  M. 

1-130 

IV-226 

Sychov  I.  A'. 

n-194 

IV-228 

Smakhtin  A.P. 

1-240 

n-196 

Sewraj  N. 

1-104 

Smirnov  V.V. 

1-42 

Symbalisty  E. 

in-8 

Shakhatov  V.A. 

1-16 

IV-136 

ni-10 

1-42 

Smurov  I. 

1-80 

in- 12 

IV- 136 

Snell  J. 

n-14 

in-52 

Sharafutdinov  R.G. 

IV-256 

Snyder  D.B. 

n-146 

Sharkov  B. 

1-212 

SolntsevI.A. 

11-208 

T 

Shibamoto  M. 

IV- 186 

Solonin  V.V. 

11- 174 

M 

'T'-»  U.  -i.  Y  X 

Shibkov  V.M. 

1-44 

Sonnenschein  E. 

1-234 

Tabbal  M. 

1-166 

1-154 

Sorokin  A.V. 

11- 166 

1-168 

n-60 

n-168 

Taddei  F. 

n-214 

ShibkovaL.V. 

1-44 

Soukup  L. 

IV-226 

Takamura  S. 

1-196 

1-154 

IV-228 

Takayama  K. 

IV-144 

n-60 

Soulem  N. 

ni-84 

IV- 186 

Shimizu  K. 

IV-62 

Spector  N.O. 

n-94 

Talsky  A. 

IV- 160 

Shiozaki  A. 

1-144 

Spyrou  N. 

in-84 

Tamme  D. 

1-40 

Shiratani  M. 

IV- 190 

IV- 180 

Tanaka  H. 

1-230 

Stacewicz  T. 

1-82 

Tanaka  K. 

1-228 

Shivarova  A. 

1-156 

Stamate  E. 

IV-140 

Taniguchi  K. 

11-198 

1-158 

Stan  C. 

n-188 

Taranenko  Y. 

in-8 

11-192 

Stanciu  T. 

n-138 

III- 12 

Shkol’nik  S.M. 

1-12 

Stanojevic  M. 

IV-162 

in-52 

11-134 

Starikovskaia  S.M. 

IV-48 

Tamev  Kh. 

1-158 

in-104- 

IV-50 

Tatarova  E 

1-122 

rV-138 

IV-58 

1-160 

Shkvarunets  A.G. 

ni-46 

Starikovskii  A.  Yu. 

IV-48 

1-162 

Short  K. 

IV- 194 

IV-50 

Tcheremiskine  V.I. 

1-48 

Si-Bachir  M. 

IV-264 

IV-58 

IV-52 

Sicha  M. 

1-130 

Stark  R. 

n-52 

Tchuyan  R.K. 

n-268 

IV-226 

Steel  W.H. 

1-192 

Teboul  E. 

IV-92 

IV-228 

1-194 

Telbizov  P. 

11-130 

Siegel  R. 

1-62 

Stefanovic  I. 

11-44 

Telegov  K.V. 

n-240 

Sigeneger  F. 

n-62 

Stefka  J. 

n-78 

Tendys  J. 

IV- 194 

Sigmond  R.S. 

IV-34 

Stepanov  V.A. 

1-208 

Terai  K. 

ni-82 

Sigov  Y.S. 

1-220 

n-174 

Tereshkin  S.A. 

n-94 

Silakov  V.P. 

1-138 

Stockl  C. 

1-212 

Tesar  C. 

IV-98 

IV-110 

Stojanovic  V.D. 

1-34 

Tessier  P.Y. 

in-90 

Stojilkovic  S.M. 

1-28 

Teuner  D. 

n-130 
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Theroude  C. 

11-254 

Thomann  A.L. 

IV-252 

Thomaz  J. 

IV-232 

Tichonov  M.G. 

IV-262 

Tichy  M. 

IV-226 

Tiirik  A. 

IV-32 

Timofeev  N.A. 

III-54 

ni-56 

Tioursi  M. 

IV-96 

IV- 166 

Toader  E.I. 

IV-151 

Toedter  0. 

IV-54 

IV-56 

Tokumasu  H. 

1-228 

Toma  M. 

11-190 

Tominaga  K. 

IV-266 

Tonegawa  A. 

IV-144 

IV- 186 

Torchinskii  V.M. 

1-178 

Tous  M. 

IV-226 

Touzeau  M. 

11-70 

11-72 

IV-46 

rV-160 

Tramontin  L. 

n-262 

Trepanier  J.Y. 

1-50 

Treshchalov  A. 

ni-110 

Trinquecoste  M. 

IV-236 

Trusca  A. 

n-140 

TsudaN. 

IV-268 

Tsuda  S. 

1-142 

Tsukabayashi  I. 

1-242 

Tsvetkov  T.S. 

11-192 

Turban  G. 

n-212 

in-74 

in-90 

u 

Udrea  M. 

11-50 

UedaY. 

1-136 

Uhlenbusch  J. 

n-226 

Uhrlandt  D. 

11-74 

Ukai  M. 

1-74 

Ulyanov  D.K. 

m-46’ 

Ulyanov  K.N. 

n-142 

n-144 

Uneyama  T. 

IV-118 

Ustalov  V.V. 

IV-240 

Ustinov  A.L. 

n-162 

Uteza  0. 

ni-26 

V 

Vacquie  S. 

n-120 

n-126 

Valentini  H.B. 

n-202 

Vallee  C. 

ni-74 

Vallone  F. 

IV- 134 

Van  Bever  T. 

1-106 

Van  de  Grift  M. 

1-152 

IV-246 

Van  de  Sanden  M.C 

•M.  IV-254 

Van  der  Mullen  J.A. 

M.  11-108 

III-62 

III-63 

ni-108 

Van  Dijk  J. 

III-63 

Van  Egmond  C. 

III-38 

Van  Ootegem  B. 

1-218 

Vardelle  A. 

11-158 

Vardelle  M. 

11-158 

Vaselli  M. 

1-44 

1-154 

11-60 

Vasenkov  A.V. 

1-56 

IV-256 

Vasilieva  A.N. 

ni-76 

Vaulina  O. 

1-184 

Vayner  B.V. 

n-146 

Veis  P. 

ni-98 

Veklich  A.N. 

n-154 

Velleaud  G. 

11-92 

rv-74 

Verdes  D. 

IV-242 

Vereshchagin  K.A. 

1-42 

IV-136 

Vervisch  P. 

1-218 

11-238 

IV-152 

Vervloet  M. 

ni-74 

Vesselovzorov  A.N. 

m-78 

Vialle  M. 

n-70 

n-72 

Videlot  H. 

IV- 190 

Videnovic  I.R. 

IV-146 

Viel  V. 

IV- 130 

Vikharev  A.L. 

1-272 

1-274 

Viladrosa  R. 

ni-30 

in-32 

in-44 

Vill  A. 

ffl-lio 

Vitel  Y. 

1-188 

1-190 

Vivet  F. 

1-200 

Vizgalov  I.V. 

n-26 

Vlcek  J. 

rv-258 

Vogel  N.I. 

in- 14 

IV-270 

Voitik  M. 

ni-26 

Vovchenko  E.D. 

IV-112 

Vrba  P. 

n-264 

Vrhovac  S.B. 

n-44 

Vul  A.Ya. 

m-54 

in-56 

w 

Wachutka  G. 

11-204 

Wakabayashi  Y. 

11-58 

Wang  Yicheng 

1-68 

Watanabe  T. 

1-244 

Watanabe  Y. 

1-170 

Wautelet  M. 

IV-210 

Wendt  R. 

IV-36 

Wetzig  K. 

1-146 

White  R.D. 

1-52 

1-54 

Wieme  W. 

1-20 

Wiesemann  K. 

IV- 148 

Wilke  C. 

11-74 

n-200 

IV-188 

Winkler  R. 

11-62 

n-266 

ni-58 

Wiolland  R. 

m-46 

WolfO. 

1-264 

Wolowski  J. 

rV-272 

Woryna  E. 

IV-272 

Wujec  T. 

n-110 

Wuttmann  M. 

1-118 

Wyndham  E. 

n-12 

in-28 

Y 

Yagi  Y. 

IV- 134 

Yamada  J. 

IV-268 

Yamada  K. 

1-74 

1-142 

Yamazawa  Y. 

1-230 

Yan  J.D. 

n-148 

n-150 

YasudaM. 

1-170 

Yasui  S. 

1-246 

Yatsu  M. 

n-68 

Yilmaz  A. 

1-172 

Yoshida  M. 

1-134 

Yoshimura  S. 

1-244 

Yousfi  M. 

1-252 

11-220 

IV- 154 

Yukhimuk  V. 

m-6 

m-8 

m-12 

m-52 

Yumoto  M. 

IV-16 

Yurghelenas  Yu.V. 

n-208 

n-210 

Yuyama  T. 

1-230 

z 

Zahoranova  A.  IV-8 

Zahraoui  A.  n-260 
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Zajickova  L. 

IV-260 

Zakouril  P. 

ni-96 

Zambra  M. 

11-12 

in-28 

Zaretsky  E 

1-236 

Zatsepin  D.V. 

IV-50 

Zhelyazkov  1. 

1-160 

1-162 

Zheng  X. 

1-228 

Zhovtyansky  V.A. 

11-152 

11-154 

Zicha  J. 

11-18 

Zigman  V  J. 

1-226 

Zissis  G. 

III-60 

Zivkovic  J.V. 

IV-42 

Zobnin  A.V. 

11-94 

ZollerV. 

IV-222 

Zuev  V.S. 

IV-52 

Zvonicek  V. 

IV-160 
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